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1. Introduction 
 
Nuclear Magnetic Resonance spectroscopy is today used within practically all branches 
sciences such chemistry physics, biology and medicine, at universities as well as industrial 
laboratories. The method has its most important applications as a tool for the determination of 
molecular structure in solution. It can today be applied to a wide variety of chemical systems, 
from small molecules (e.g. drugs) to proteins and nucleic acids. Further, chemists use NMR to 
study interactions between different molecules (e.g. enzyme - substrate, soap - water), to 
investigate molecular motion, to get information on the rate of chemical reactions and for 
many other problems. Typically the goal of NMR is first to measure the spectroscopic 
frequency and relaxations times and then to attribute these observables to the internal 
magnetic fields and electric fields gradients from which they originates. The diversity of local 
fields and spin interactions both adds to the complexity of the response and makes the NMR 
spectrum a rich source of information concerning the geometric and electronic structure, 
dynamic as well as static, of molecules in all phases of matter. NMR is additionally favored 
by a particular set of circumstances, among them the phase coherence of radiofrequency 
sources and the magnitude and time scale of nuclear spin interactions, that combine to offer 
extraordinary opportunity for external manipulation and control of the spin Hamiltonian: were 
desired, the effective operator structure of a Hamiltonian or the direction of a local field can 
be altered, a selected interaction can be attenuated or eliminated, the sense of the time 
reversed [Mun1]. 
An important objective of polymer science is to establish relationships between the 
microscopic structure or molecular dynamics and the macroscopic properties of materials. 
Once established, this knowledge then allows the design of polymers with improved 
properties. Thus, a key aim of polymer science is the acquisition of information on structure, 
morphology, and chain dynamics on the microscopic, mesoscopic and macroscopic scale by 
employing NMR spectroscopy and imaging. 
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A technologically important class of materials is that of elastomers which has been 
intensively investigated by using various NMR techniques including one- (1D) and two-
dimensional (2D) spectroscopy. Residual dipolar or quadrupolar interactions measured by 
NMR methods represent an important source of information about the structure and molecular 
dynamics in soft solids. Using these quantities structure-function relationships can be 
investigated for elastomers materials. The difficulties related to these measurements are due to 
the small values of the residual spin couplings compared to those of other spin interactions, 
the many-body character of the dipolar couplings and the presence of molecular motions 
which produce a supplementary encoding of the spin system response. 
This thesis is organised in three big chapters. Inside of each chapter the sections are 
treating a distinct subject and many of this were the subject of some articles already published 
or in progress. The aims of the first chapter are to introduce new NMR methods with high 
resolution and increase sensitivity and to characterise the elastomers. The objective of the 
second chapter is to characterize, globally by dipolar encoded longitudinal magnetisation, 
double quantum filtered magnetisation, and doublet splitting or locally combining these 
techniques with NMR imaging, the distribution and orientation of the collagen fibrils in the 
Achilles tendons. The goal of the last chapter is to describe from the point of view of the 
static and the radiofrequency magnetic fields the newest NMR mobile sensors like the NMR-
MOUSE and to use numerical simulations in the understanding and improving the analysis 
and design of new sensors and new pulse sequences as well as the presentation of the largely 
industrial field of applicability of such sensors for example in the quality control.  
The first section of chapter two is introducing a new method called AIMS 
(Accordion Magic Sandwich) to measure model free using the mixed Hahn-magic echo 
residual dipolar van Vleek moments without the contribution originated from static and 
radiofrequency magnetic fields, local susceptibility effects or in the first approximation from 
transverse relaxation. The second section show how the multispin dipolar correlation 
functions characterizing the mixed echo decay, derived in the approximation of single 
correlation time and for a distribution of correlation times, are able to determine the 1H 
residual van Vleek moment and parameters of correlation times for a series of natural rubber 
samples with different cross-link densities. In the third section is introduced a new 
distribution function of the end-to-end vector and the orientation of the polymer chains from a 
polymer network. The effect of stress and orientation of the stressed elastomers in static 
magnetic fields on the second van Vleek moment parameters of the distribution of correlation 
times, and on the proton residual coupling are also studied using the mixed echo and 
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multipolar spin states. The section four demonstrates the possibility to obtain an enhanced 
sensitivity to the change in the values of residual dipolar couplings by measuring high order 
multiple quantum coherences. In section five the combination of high resolution magic angle 
sample spinning with the 2D double-quantum filtered spectroscopy and the chemical shift 
filter allows us to analyse the magnetisation exchange process between CH3 – CH2, CH3 – CH 
and CH2 – CH functional groups. In section six small penetrant molecules were used to 
determine some properties of a series of natural rubber samples with different cross-link 
density. The section seven is presenting a new fast method for the measurement of the self-
diffusion coefficient. 
The first section of chapter three is investigating quantitatively, using i) a Gaussian 
distribution functions and ii) a expansion in Legendre polynomials distribution function, the 
anisotropy of the collagen fibril orientation in Achilles tendon by 1H residual dipolar 
couplings determined from DQ build-up curves and DQ-filtered doublets as well as dipolar 
encoded longitudinal magnetisation of bounded water interacting with the collagen fibers. In 
the section two is demonstrated the possibility to obtain 1H NMR images of tendons encoded 
by the residual dipolar couplings of bound water under mechanical load conditions. 
The first section from chapter four is designated to the characterisation of the static 
magnetic field for two mobile NMR sensors like the U-shaped NMR-MOUSE and the bar-
magnet NMR-MOUSE, and the different radiofrequency magnetic field coils like meander 
coil, figure-8 coil, butterfly coil, RPA and crazy coil. The second section describes the 
mathematical background of the simulation program, which is able to compute the NMR 
response of a system of isolated spins taking into account the filter characteristics of the 
receiver. In the third section some strategies to save energy and power for these mobile 
sensors are presented. In the section four the sensitive volumes of two NMR mobile sensors, 
the U-shaped NMR-MOUSE and the bar-magnet NMR-MOUSE were studied for different 
experimental condition like the operating frequency and different pulses sequences. In the 
section five the constant relaxation method was applied to the measurement of 1H self-
diffusion coefficients of mobile molecules in complex protonated system with a strong 
restriction in their mobility like solvents in cross-linked elastomers and free water in Achilles 
tendon. In the last section some examples of measurements of industrial samples with the 
NMR MOUSE are presented: the determination of the heterogeneity of carbon-black filled 
elastomers by measuring the T1ρ in comparison with imaging, the determination of the cross-
link density from a calibration curve, and a study of the aging process. 
  
  
 
 
 
 
2 NMR spectroscopy of elastomers  
 
2.1 Residual dipolar couplings of elastomers by the 
accordion magic sandwich 
 
A technologically important class of materials is that of elastomers [Tre1, Erm1] which has 
been intensively investigated by using various NMR techniques including one- (1D) and two-
dimensional (2D) spectroscopy (for a review see Demco et all. [Dem1-7]). From the point of 
view of NMR, elastomers and other viscoelastic polymers above their glass-transition 
temperature exhibit both, solid-like and liquid-like features. Whereas the segmental motions 
lead to liquid-like behaviour, the presence of permanent or transient cross-links leads to 
residual dipolar or quadrupolar couplings that are responsible for the solid-like properties 
[Coh1]. 
Residual dipolar or quadrupolar interactions measured by NMR methods represent an 
important source of information about the structure and molecular dynamics in soft solids. 
Using these quantities structure-function relationships were investigated for elastomers 
materials, which belong to an important class of soft-matter materials. The difficulties related 
to these measurements are due to the small values of the residual spin couplings compared to 
those of other spin interactions, the many-body character of the dipolar couplings and the 
presence of molecular motions which produce a supplementary encoding of the spin system 
response. 
 The goal of this chapter is to discuss a method to measure model free the residual 
dipolar van Vleck moments without contributions from inhomogeneous spin interactions 
originating from static magnetic field inhomogeneities, local susceptibility effects, and 
heteronuclear dipolar interactions. Moreover, in the first approximation this method is 
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insensitive to the transverse relaxation produced by the fluctuating dipolar interactions. The 
mixed echo composed of the Hahn and the magic echo is used to this purpose [Rhi1, Pin1, 
Dem3, Mat1]. The Hahn echo explores the magic echo shape generated by an accordion 
magic sandwich. The method was applied to measure the second (M2) and forth (M4) van 
Vleck moments of adamantane and of samples from a series of cross-linked natural rubber. 
 
 
2.1.1 Theory of the accordion magic sandwich 
 
We can consider a many-body spin system with spin I = ½ coupled by dipolar interactions. In 
the presence of molecular motions residual dipolar couplings [Coh1] will characterize the 
dipolar network of elastomers or other soft solids. The secular residual dipolar Hamiltonian is 
denoted by . For a multi-spin dipolar network the magic echo can refocus the spin system 
evolution under this homogeneous spin interaction [Rhi1, Pin1, Dem3, Mat1]. The refocusing 
of the single-quantum coherences excited by a radio-frequency (rf) pulse (represented by a 
 pulse), which evolve under the dipolar Hamiltonian is performed by a composite pulse 
called magic sandwich (MS) [Rhi1, Pin1] (cf. figure 2.1.1).  
( )0
dHˆ
0
x90
In soft solids like elastomers the homogenous interaction can be of the same order of 
magnitude as the inhomogeneous spin interactions. If to the end of magic sandwich a 180  
pulse is added the dephasing of transverse magnetization produced by inhomogeneous 
interactions can be refocused under a mixed echo [Mat1] (see figure 2.1.1). At the maximum 
of the mixed echo no dipolar encoding or encoding by inhomogeneous spin interactions 
(external magnetic field inhomogeneities, magnetic susceptibility effects or heteronuclear 
couplings) is present. Nevertheless, the amplitude of the mixed echo is encoded by the 
relaxation in the laboratory and rotating reference frames. 
0
y
 One possibility to encode the amplitude of the Hahn echo encoded by the 
homonuclear dipolar interactions is to employ a mismatched magic sandwich i.e., 
( ) ( ) ( ) ( ) EchoMixednnPulseBurstnPulseBurstn yxxyx −∆+τ−−∆−τ−∆−τ−−∆+τ− 000 90229090
, (see figure 1), where n is a positive and negative integer number and ∆ is the time decrement 
and increment, respectively. We call this mismatched magic sandwich composite pulse with 
variable n the accordion magic sandwich (AIMS). 
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Figure 2.1.1 AIMS pulse sequence used for generation of a mixed echo composed of a magic- and a Hahn-
echo. A dephasing gradient pulse is applied at the end of the sequence. 
 
 
 In order to evaluate the spin system response to the AIMS pulse sequence we have to 
define the propagators  and E  which describe the free evolution of the spin system and 
the propagators  and  for burst pulses of phases +x and –x, respectively. We can write 
1Eˆ
3Eˆ
4
ˆ
2Eˆ
( ){ }[ ]( ){ }[ ]( ){
( ){ },nˆiexpEˆ
,n2ˆIˆiexpEˆ
,n2ˆIˆiexpEˆ
,nˆiexpEˆ
R4
RxB13
RxB12
R1
∆+τ−=
∆−τ+ω+−=
∆−τ+ω−−=
∆+τ−=
H
H
H
H
}     (2.1.1) 
where the total Hamiltonian in the on-resonance rotating frame is , and RHˆ ( )zyx Iˆ,Iˆ,IˆIr  is the 
spin operator vector. The total Hamiltonian is given by 
( )
inh
0
dR
ˆˆˆ HHH += ,     (2.1.2) 
where  is the Hamiltonian describing the inhomogeneous spin interactions. The effect of 
the magic sandwich on the density operator can be written as: 
inhHˆ
( ) ( ) ( )∆+τρ=∆+τρ=∆−τρ nB~ˆnP~ˆE~ˆE~ˆP~ˆn5 y23y        (2.1.3) 
The propagator describing the MS can be written from Eq. (2.1.1) and (2.1.3) as: 
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( ) ( ) yRxB1RxB1y P~ˆn2~ˆI~ˆiexpn2~ˆI~ˆiexpP~ˆB~ˆ  ∆−τ +ω− ∆−τ +ω−−= HH  (2.1.4) 
where the  pulse is described by the propagators 0y90 { }y2y I~ˆiexpP~ˆ π−= . If the burst pulses are 
strong, then the evolution of the spin system under the inhomogeneous interaction and non-
secular dipolar terms can be neglected in a good approximation [Rhi1]. Hence, the burst 
propagator of equation (2.1.4) can be written as 
( )( ){ } 2y0d P~ˆn2~ˆiexpB~ˆ ∆−τ= H .         (2.1.5) 
For more details see the Appendix 2. With these propagators the density operator of the spin 
system ρ  is given, at the time t = 6τ, by: ( )t
( ) ( )( ){ } y0d Iˆn3~ˆiexp6 ⋅∆−=τρ H ,        (2.1.6) 
where the Liouville’s operator is defined by 1OˆOˆO
~ˆ −ρ≡ρ , and . It is evident from 
equation (2.1.6) that in the limit of intense burst pulses the refocusing pulse attached at the 
end of the MS is refocusing inhomogeneous spin interactions at t = 6τ.  
1OˆOˆ 1 =−
 Upon normalization of the dipolar-encoded signal obtained by the AIMS pulse 
sequence to the mixed echo amplitude for n=0, one obtains: 
( )
( )
( )( ){ }{ }{ }2y y
0
dy
I
~ˆ
Tr
I
~ˆ
n3
~ˆ
iexpI
~ˆ
Tr
0S
n3S ∆−=∆ H .   (2.1.7) 
The above equation shows that the amplitude of the Hahn echo, measured at time t = 6τ, is 
encoded only by the homonuclear dipolar couplings. With the parameter n changing from 
positive to negative values the magic echo is moving around the Hahn echo which always 
occurs at t = 6τ. Actually, the AIMS pulse sequence produces a disentanglement of the magic 
and Hahn echoes in time. The dipolar encoding of the signal occurs because the Hahn echo 
samples the magic echo shape. 
So far the effect of transverse relaxation has been neglected in the laboratory and the 
rotating reference frames. When including relaxation Eq. (2.1.7) needs to be replaced by: 
( )
( )
( )( ){ }{ }{ }   −∆−∆−=∆ ρ*2*22y y
0
dy
T
1
T
1n2exp
IˆTr
Iˆn3
~ˆ
iexpI
~ˆ
Tr
0S
n3S H ,  (2.1.8) 
where  and  are the effective transverse relaxation times in the laboratory and rotating 
frames, respectively. It is easy to see from equation (2.1.8) that a combination of signals taken 
with 
*
2T
*
2T ρ
n+  and n−  is given by: 
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( ) ( )
( ) ( 22 n3G0S
n3Sn3S ∆=∆−∆ ) .     (2.1.9) 
This composite NMR signal is not encoded by the transverse relaxation. The function 
 describes the magic echo shape and is given by [Pin1, Meh1] ( )tG
( ) ( ){ }{ }{ }2y y
0
dy
I
~ˆ
Tr
I
~ˆ
t
~ˆ
iexpI
~ˆ
Tr
tG
H−= .     (2.1.10) 
In the short time limit, i.e., for 1n d <<ω∆3  we obtain from equations. (2.1.9) and (2.1.10): 
( ) ( )
( ) ( ) ( ) ...n3M121n3M10S
n3Sn3S 4
4
2
22 −∆+∆−≅
∆−∆
,  (2.1.11) 
where 2M  and 4M  are the residual second and forth van Vleck moments, respectively 
[Meh1]. 
 
 
2.1.2 Sampling of the magic echo shape by the Hahn echo 
 
The shift of the magic echo relative to the Hahn echo due to changes in the length of the 
magic sandwich was investigated experimentally for adamantane. The NMR experiments 
were performed at a 1H frequency of 299.87 MHz on a Bruker DMX-300 NMR spectrometer. 
The 900 pulse length was 11 µs and a repetition delay of 1 s was used. 
In a matched magic sandwich experiment, i.e., for n = 0 both echoes are superimposed 
(cf. figures 2.1.2(a) and 2.1.2(b)). The time origin in figures 2.1.2(b), 2.1.2(d), and 2.1.2(f) is 
taken from the end of the last pulse of the magic sandwich (cf. figure 2.1.1).  
For an experiment with τ =100 µs and a stretched magic sandwich, i.e., for n∆ = -50 
µs, the Hahn echo and magic echo occur at 50 µs and 200 µs, respectively (figure 2.1.2(d)). 
For the opposite case the detected echoes are shown in figure 2.1.2(f). As predicted by the 
theory in both cases the distance between echoes is given by 3|n|∆ = 150 µs (cf. figures 
2.1.2(d) and 2.1.2(f)). Some supplementary oscillation occurs, but these have the amplitude 
smallest than the Hahn echo an can not be confused with them. From the experimental data 
the ratio 224 M/M  was measured using AIMS and has the value 3.19 ± 0.2 in agreement with 
the Gaussian line shape of adamantane. 
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f) 
d)
b)
e) 
c) 
a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2 Excursions of the magic echo around the Hahn echo generated at t = 6τ. Schematic AIMS signals 
are shown in (a), (c) and (e) for n = 0, n<0, and n>0, respectively. Proton magic and Hahn echoes obtained from 
adamantane with AIMS (τ =100 µs) show a perfect superposition for n∆ = 0 (b) and a shift of the echoes for n∆ 
= ±50 µs as shown in (f) and (d). 
 
igure 2.1.3 (a) Proton signals from AIMS for NR1, NR4, and NR7. (b) Composite signal decays (see equation 
b)a) 
F
(2.1.8)) for the same samples. The best fit of the data using equation (2.1.11) is show by continuous lines. 
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2.1.3 1H residual van Vleck second moments of cross-linked natural rubber  
Proton residual second and fourth van Vleck moments were measured by AIMS for the 
 
samples of cross-linked NR listed in Table 1 of Appendix 1. Normalized signals resulting 
from the superposition of the Hahn echo and magic echo were measured at t = 6τ as a 
function of 3|n|∆ and are shown in figure 2.1.3(a) for the samples NR1, NR4, and NR7. These 
decays are asymmetric around 3|n|∆ = 0, which can be explained by different encoding of the 
transverse relaxation. The composite 
signals described by equations (2.1.10) and 
(2.1.11) are shown in figure 2.1.3(b). The 
van Vleck moments 2M  and 4M  can be 
evaluated by the best fits of the composite 
signals with equation (2.1.11) and these 
results are shown in figures 2.1.4(a) and 
2.1.4(b), respectively, for the whole NR 
series. The measured values of 2M  are in 
good agreement with the values asured 
on the same series using the model 
dependent dipolar correlation function 
[Fec1]. The best fit of the dependence of 
me
2M  and 4M  on G is represented by 
tinuous es in figures 2.1.4(a) and 
2.1.4(b). It is described, in general, by a 
polynomial ( )∑ −m pp Ga1  ( see the next 
chapter) up to the powers four and eight in 
G, respectively. This polynomial 
dependence can be justified by considering 
high-order corrections to a Gaussian 
distribution of the end-to-end vectors 
[Fec1]. The classical Gaussian distribution 
will lead only to dependences of powers 
two and four in G which are shown by the 
con nli
1
p
a) 
Figure 2.1.4 Proton residual van Vleck moments 2M (a), 
and M  (b) and the ratio 2M/M  (c) measured by AIMS 
 rub
ab ar mod
c) 
b) 
4 4
for the samples of a series of cross-linked natural ber 
(cf. T le 1) versus the she ulus G. 
2
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dashed lines in figures 2.1.4(a) and 2.1.4(b), respectively. Nevertheless, in the case of samples 
with low values of the cross-link density the Gaussian approximation is able to describe the 
experimental data sufficiently well (see the insets of figures 2.1.4(a) and 2.1.4(b)). The 
dependence of the ratio 22
ethod applies to complex multi-spin dipolar topologies and provides model free 
access 
4 M/M  on shear modulus is shown in figure 2.1.4c. The 
1H NMR 
absorption line shape is quasi-Lorentzian for all samples but starts to deviate towards a 
Gaussian line shape for higher values of the cross-link density. 
The m
to van Vleck moments. The high-order van Vleck moments are more sensitive to 
cross-link density compared to the second van Vleck moment which is usually used. The 
method can be applied under MAS by exploiting rotor non-synchronization conditions 
[Dem4] to measure site selective residual van Vleck moments. Furthermore, the technique can 
be combined with magnetic resonance imaging for measuring spatially distributed residual 
van Vleck moments of heterogeneous soft solids. 
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2.2 Chain Orientation and Slow Dynamics in Elastomers 
by Mixed Magic-Hahn Echo Decays 
 
2.2.1 History of the topic 
 
The important topics of anisotropy of chain dynamics and segmental order in polymer 
networks were already studied by Cohen-Addad, Collignon, Sillescu, Spiess, Callaghan and 
Samulski. The NMR method used for investigating was the decay of the solid-echo [Coh1, 
Col1], a combination of Hahn- and solid echoes [Cal1], and a normalized stimulated echo 
[Kim1, Kim2, Fis1, Gri1].  
For all the cases the echo decays can be described by a residual dipolar or quadrupolar 
correlation function (DCF). This function describes the autocorrelation of dipolar or 
quadrupolar randomly fluctuating interactions around the residual nuclear spin interactions 
that have been preaveraged by the fast dynamics of the chains and functional groups. 
Measurement of the DCF together with a corresponding theoretical model, reveal important 
information about local segmental order and slow chain dynamics under various experimental 
conditions. Cohen-Addad and co-workers [Coh1, Coh2, Coh3, Gui1] have discovered that the 
chain entanglement in polymer melts lead to a solid echo originating from the residual dipolar 
couplings. The possibility to measure the DCF using a combination of a solid-echo, a Hahn-
echo and the free induction decay of protons and deuterons has been discussed by Collignon, 
Sillescu and Spiess [Col1]. Callaghan and Samulski [Cal1, Bal1] was introducing later an 
improved method, which exploit the fact that Hahn echo refocuses chemical shielding 
interactions and magnetic field inhomogeneities. Moreover, the molecular motions and 
residual dipolar couplings encode the Hahn echo amplitude. The fluctuation of the dipolar 
interactions encodes the amplitude of the solid echo (actually a mixed echo) to a first 
approximation. The appropriate combination of these echoes, thus, gives access to residual 
dipolar couplings and the fluctuation rates.  
From the point of view of the spin system response, the solid echo completely 
refocuses the evolution of coherences of quadrupolar nuclei of spin I=1 like 2H and of a pair 
of ½ spins other than the 1H multispin dipolar interactions [Kim1]. Therefore, the solid echo is 
strongly affected by the residual multispin interaction, which makes the measurements of 
DCF inaccurate. Moreover, the time scale of the dipolar or quadrupolar interaction 
fluctuations is limited to the time of the solid echo decay, which is shorter than the transverse 
magnetization relaxation time. The same limitation is also imposed on the measurements of 
the DCF by high-resolution 1H DQ MAS NMR [Gra2, Dol1]. A considerably longer NMR 
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time-window is offered by the DCF recorded with a stimulated echo [Kim1, Kim2, Fis1, 
Gri1]. However, the amplitude of the stimulated echo is smaller than that of the solid echo 
and is affected by the multispin residual dipolar couplings as well as by the fluctuating dipolar 
fields. Furthermore, the evolution of the chemical shift Hamiltonian before storage of the z-
magnetization encodes the stimulated echo evolution. Moreover, magnetization exchange 
competes with the dipolar correlation effect [Dem2, Fis1]. 
The goal of this chapter is to present a new method of measurement of the DCF for a 
multispin dipolar coupled network, for example, for the protons in functional groups attached 
to polymer chains in elastomers. The mixed echo given by the combination of the magic and 
the Hahn echo has been used for this purpose [Rhi1, Pin1, Mat1, Dem1, Fec3]. In a good 
approximation, the amplitude of the mixed echo is independent of residual (quasi-static) 
multispin couplings and inhomogeneous spin interactions including chemical shielding 
interaction. The following gives an evaluation of the dipolar correlation function describing 
slow chain motions within the limits of an exponential correlation function and a distribution 
of correlation times.  
By employing two models for the DCF, the interpretation of the mixed echo decay 
leads to the residual second van Vleck moment, the correlation time and the parameters 
describing the correlation time distribution. The dependence of these structural and dynamic 
quantities on cross-link density and shear modulus for a series of natural rubber samples is 
investigated. The dependence of the residual second van Vleck moment on the cross-link 
density is analyzed by using high-order correction terms to a Gaussian distribution of end-to-
end vectors, which can be described by a polynomial function. The experimental data show 
that the correlation times and the distribution function of the correlation times are also 
functions of the cross-link density. The scaling laws of these quantities, which characterize 
the chain dynamics, are derived. 
 
2.2.2 Mixed echo decay 
 
The composite pulse referred as magic sandwich (MS), i.e., 0ypulseburstpulseburst
0
y 90XX −−−
0
x
90  
(cf. figure 2.2.1)) can refocus of the single-quantum coherences excited by the first 90  radio 
frequency pulse was already discussed in the last chapter. For a network of spins the magic 
echo, obtained in this way, can refocus the evolution of the spin system under the 
homogeneous multispin dipolar interaction [Rhi1]. A high refocusing efficiency is achieved 
when ω1B >> ωd, where ω1B is the angular frequency of the radio-frequency field of the burst 
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pulses and ωd is the angular frequency of the dipolar local field. This condition is easily 
fulfilled especially for soft solids, where the residual dipolar couplings are in the kHz range.  
The chemical shielding interaction is of the same order of magnitude as the residual 
dipolar couplings and, therefore, the intensity of the magic echo is strongly affected. If a 180  
pulse is added to the end of the magic sandwich, the dephasing of the transverse 
magnetization from homogeneous as well as inhomogeneous interactions can be refocused in 
a mixed echo (cf. figure 2.2.1)[Mat1, Dem1]. Nevertheless, the amplitude of the echo is 
encoded by the relaxation in the laboratory as well as in the tilted rotating reference frames. 
0
y
In the rotating frame representation the total spin Hamiltonian describing the free 
evolution of the system is given by 
( ) ( )tˆˆIˆtˆ dd
k
kzkR HHH ∆++δ−= ∑ ,    (2.2.1) 
where  is the chemical shift of the magnetically equivalent nuclei k with the total z spin 
operator . 
kδ
Iˆkz
The dipolar Hamiltonian fluctuating around the residual part is described by: 
( ) ( ) ddd ˆtˆtˆ HHH −=∆ ,    (2.2.2) 
or 
( ) ( ) ij20
ji
ij
dd Tˆtt
ˆ ∑
>
ω∆=∆H ,    (2.2.3) 
where  is the fluctuating dipolar coupling for a spin pair ij. To simplify the 
computations, only the zero-quantum part of the fluctuating dipolar Hamiltonian is considered 
in equation (2.2.3). Single-quantum and double-quantum Hamiltonians have little influence 
on the magic echo decay in the slow motion regime. 
( )tijdω∆
 
 
Figure 2.2.1 Pulse sequence 
used for measurement of the 
mixed echo decay. The Hahn 
echo is generated by a 180y 
pulse added to the end of the 
magic sandwich resulting in 
the refocusing sequence 
0
ypulseburstpulseburst
0
y 90XX90 −−−
 for the mixed echo. A weak 
magnetic field gradient was 
applied during the pulse 
sequence to eliminate stray 
signals from pulse 
imperfections. 
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For a multispin system the terms of the Hamiltonian in equation (2.2.1) do not 
commute with each other so that an exact solution for the spin system response cannot be 
obtained. Therefore, the spin system response is evaluated in the zero-order approximation by 
means of an average Hamiltonian [Meh1]. In the maximum of the mixed echo, this 
Hamiltonian at time t = 6τ is given by: 
( ) ( )
( ) ( )
( ) 






 ∆+τ+τδ+


 ∆−τ−+

 ∆−τ−+




 ∆+τ+τδ−τ=τ
∫∑
∫∫
∫∑
τ
τ
τ
τ
τ
τ
τ
6
dd
k
kzk
5
3
dd
3
dd
0
dd
k
kzkd
tˆˆIˆ
tˆ
2
12ˆ
2
1tˆ
2
12ˆ
2
1
tˆˆIˆ
6
16ˆ
HH
HHHH
HHH
, (2.2.4) 
The first line on the right side of equation (2.2.4) describes the spin Hamiltonian active during 
the first free evolution period of duration τ (cf. figure 2.2.1) after the action of the 90  
preparation pulse. The same Hamiltonian is active during the last free evolution period, but 
the sign of the chemical shielding Hamiltonian (and other linear spin Hamiltonians) is 
changed as a result of the 180  pulse applied at the end of MS (see the last line of equation 
(2.2.4)). Therefore, within the limit of the average Hamiltonian approximation, an 
inhomogeneous spin echo is produced at t = 6τ. The Hamiltonians active during the burst 
pulses (second line of equation (2.2.4)) do not depend on the chemical shift provided that the 
strength of these pulses is larger than δ
0
x
0
y
k. Moreover, the existence of a rotary echo at t = 3τ 
makes the evolution of the spin system independent of the Zeeman Hamiltonians in the tilted 
rotating frame. The sign of the dipolar Hamiltonian during the MS period is reversed 
compared to the free evolution periods. Therefore, at time t = 6τ a dipolar echo is generated. 
Finally, the average Hamiltonian depends only on the fluctuating dipolar Hamiltonian and is 
given by (for more details see Appendix 3): 
( ) ( ) ( )


 ∆−∆τ=τ ∫∫
τ
τ
τ 5
d
6
0
dd t
ˆ
2
3tˆ
6
16ˆ HHH .         (2.2.5) 
 The density operator ρ  at the time 6τ of the mixed echo can be evaluated using the 
canonical quantum-mechanical transformation 
( τ6 )
( ) ( ) ( )066~ˆexp6 d ρ


 ττ−≅τρ H ,    (2.2.6) 
where the Liouville’s operator is defined as in chapter 2.1 and Appendix 2. Initially, the spin 
system is in thermodynamically equilibrium in the static magnetic field, and after the 90  0x
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preparation pulse (cf. figure 2.2.1) we get ( ) ∑∝ρ
k
kyIˆ0 . The above equation is valid within 
the limit ( ) 16tˆ d <<τ∆H , where ( )tˆ dH∆  is the norm of the fluctuating dipolar Hamiltonian. 
In this approximation the density operator ( )τρ 6  of equation (2.2.6) is given by  
( ) (66 ) ( )0...~ˆ
2
1
2
d 


 τH
( )}{ }
β
τρ
,R
2
y
6
r
0
,R
=
βr
( )ME 6τ
{ } ( ) ...IˆTr
6
~ˆ
Tr
16S 2
2
d
ME −τ




 ⋅τ
+≈τ
H
6
Iˆ
y
,R
2
y 




βr
( ) ( ) .       (2.2.7) 66~ˆi1ˆ6 2d ρ





+τ−ττ−≅τρ H
 The normalized mixed echo signal at t = 6τ, can be written as 
( )
( )
{ ⋅=τ y
IˆTr
IˆTr
0S
6S .          (2.2.8) 
where the symbol ( ) β,R... r  denotes the averages over the statistical ensemble of the 
fluctuations of the dipolar interactions, the average over the length distribution of the end-to-
end vectors and, for a polymer network, the average over the orientation angles β of the end-
to-end vectors. It is obvious that ( )tHˆ , and therefore, from equations (2.2.7) and 
(2.2.8) for the normalized mixed echo amplitude ( )( )0S
6S τ≡S , one finally gets 
( )
( )
,   (2.2.9) 
where  is the y component of the total spin operator. This equation describes the mixed 
echo decay due to the fluctuation of the secular dipolar Hamiltonian in the time regime 
yIˆ
( d −ω ) 16 <τ , where dω  is the strength of the residual dipolar coupling. For many polymer 
networks this corresponds to the millisecond regime. 
 
2.2.3 Multi-spin residual dipolar Hamiltonian and dipolar correlation 
function 
 
In order to evaluate the mixed echo decay described by equation (2.2.9) we have to consider a 
simple model to describe the NMR spin system response consists of a single polymer chain 
between two network junction points [Erm1, Coh1] (see figure 2.2.1). The chain is considered 
to carry many NMR-active bonds. The multispin dipolar interaction between the protons 
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along the chain - preaveraged by the fast segmental motions - can be written in the secular 
approximation [Coh1, Sot1]: 
( ) ( )∑
>
β−=
ji
ij
0,2
ij
2
ij
d TˆcosPD6Hˆ ,    (2.2.10) 
where the dipolar-coupling constant ( ) ( )3ij240ij r1D hγ= πµ of the ij spin-pairs depends on the 
internuclear distance rij. 
The bar in equation (2.2.10) represents the time average over the molecular 
reorientation process, which is faster than the spin-precession period in the local dipolar field 
of the rigid lattice. This averaging by rapid segmental motions is referred to as ”pre-
averaging” [Coh1]. The angle βij is the angle between the internuclear vector  and the 
direction of the main magnetic field 
ijr
r
0B
r
. Under the pre-averaging condition, this angle 
denoted by β can be considered to define the direction of the end-to-end vector Rr  (see figure 
2.2.2) with respect to 0B
r
. 2P  is the pre-averaged, second-order Legendre polynomial.  is 
the irreducible tensor operator describing the spin part of the secular dipolar coupling [SRo1]. 
ij
0,2Tˆ
 The residual dipolar interactions described by the Hamiltonian (Eq. (2.2.10)) can be 
evaluated by using the scale-invariant polymer model [Coh1]. In this model, the dipolar 
interactions are averaged over all conformations of an inter-cross-link chain subject to the 
constraint that the end-to-end vector R
r
 is fixed. For such a chain the residual dipolar 
coupling may be expressed as [Sot1, Sch1]: 
( ) ( )∑
>
β−=
ji
ij
0,2
ijij
2
2
22d TˆSDcosPRaN
k6ˆ
r
H .   (2.2.11) 
 
 
 
 
 
 
 
 
Figure 2.2.2 Schematic repre-
sentations of polymer chains. The 
dark points represent chemical cross-
link. In the bottom a physical cross-
link is represented. The R
r
 deno s 
the end-to-end vector, which consist 
of many statistical Kuhn segments 
te
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The dynamic order parameter is given by ( )[ ]tcosP ij2ij β≡
ijr
S , where β  is the 
instantaneous angle between a given internuclear vector 
( )tij
r  and R
r
. A scaled dynamic order 
parameter can be defined as 
eN
ijSij
s ≡S , where the effective number of statistical segments is 
k
N
eN ≡ . The site selective dynamic order parameter S  takes into account the existence of the 
segmental dynamic heterogeneities along the polymer chain. The geometrical factor k 
depends on the model, which is adopted to describe the chain statistics and is equal to 3/5 for 
a chain of freely jointed segments [Gro1]. If the length of the statistical segment is denoted by 
a and the quantity q  that represents the dimensionless squared end-to-end vector 
is introduced in equation (2.2.11), we can write 
ij
222 Na/R
rr =
( ) ( )∑
>
β−=
ji
ij
0,2
ij
s
ij
2
2
d TˆSDcosPq6
ˆ rH ,    (2.2.12) 
or 
∑
>
ω=
ji
ij
0,2
ij
dd TˆHˆ ,     (2.2.13) 
where ijdω  is the residual dipolar coupling for a (ij) spin pair. 
 In a disordered polymer, the end-to-end vector is assumed to obey Gaussian statistics 
[Gro1]. For instance, the statistical average (denoted by ( )
R
... r , see below) of the reduced 
squared end-to-end vector is given by 1q
R
2 ≈rr . Thus, the residual dipolar coupling, which 
can be evaluated from the equation (2.2.11), scales with .  1N−
The fluctuating part of the dipolar Hamiltonian as was described in equation (2.2.3) is 
rewritten as 
( ) ( ) ij20ijd
ji
ij
dd Tˆtt
ˆ ωδω=∆ ∑
>
H ,    (2.2.14) 
where ijd
ij
d
ij
d / ωω∆≡δω  is the normalized fluctuating residual dipolar coupling. In the 
following, it is assumed that these fluctuations are independent of specific spin pairs and 
reflect the overall segmental motions. Hence, from equation (2.2.14) one obtains 
( ) ( )∑
>
ωδω=∆
ji
ij
20
ij
ddd TˆttHˆ .    (2.2.15) 
 The mixed echo amplitude decay can be obtained from equation (2.2.9) and equation 
(2.2.15), in terms of the autocorrelation function of the dipolar functions, i.e., 
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( ) ( ) ( ) ( ) ( )
( ) ( )

′′δω′δω′′′−
′′δω′δω′′′+
 ′′δω′δω′′′−≅τ
∫ ∫
∫ ∫∫ ∫
τ τ
τ
τ
τ
τ
τ
τ τ
se
6
0
5
dd
5 5
dd
6
0
6
0
dd
2
ME
tttdtd3
tttdtd
4
9tttdtd
2
M
16S
, (2.2.16) 
where the cross-correlation terms have been neglected. That means that the dipolar 
fluctuations of three or more spins are less correlated than those of the spin pairs. This 
approximation is often used in the dipolar magnetization relaxation theory (e.g., see [Kim2] 
and references therein). The average ( )
se
...  in the DCF is taken over a statistical ensemble, 
and the residual second van Vleck moment is given by: 
{ } ( ) β−= ,R2yd2y2 IˆˆTrIˆTr1M rH .    (2.2.17) 
The average in equation (2.2.16) is taken over the distribution of the lengths of the 
end-to-end vectors and their orientation relative to the static magnetic field. The dipolar 
autocorrelation functions are supposed to be described by a stationary random process, i.e., 
( ) ( ) ( ttctt dd ′−′′≡′′δω′δω ). In the simple approximation of an exponential correlation 
function, one can write 
( ) { }c/texptc τ−= ,     (2.2.18) 
where . The integrals in equation (2.2.16) can be easily evaluated using the method 
described by Kimmich in reference [Kim1], and the mixed echo decay signal is given by: 
ttt ≡′−′′
( ) 




 −τ
τ+++−τ−≅τ τ
τ−τ
τ−τ
τ−τ
τ−
4
1333
4
9316
456
2
2
c
cME
cccc eeeeMS .  (2.2.19) 
The mixed echo decay given by the above equation is valid within the limit of the 
exponential correlation function and for .1M c
2/1
2 <<τ  
 Transverse relaxation processes described by a single correlation time are rarely found 
in amorphous polymers including elastomers [SRo1]. If a normalized distribution of 
correlation times  is introduced, than the mixed echo decay is given by  ( cg τ )
( ) ( )∫∞ τ
τ−τ
τ−τ
τ−τ
τ− ττ




 −τ
τ+++−τ−≅τ
0
cc
c
cc
4
c
5
c
6
2
c2ME dg4
133e3e
4
9e3eM16S ,    (2.2.20) 
where equation (2.2.19) has been used. 
A particularly simple form for the function ( )cg τ  is related to the log-Gaussian 
distribution (see for instance [SRo1]), i.e.,  
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( ) ( cG
c
c lnF
1g ττ≡τ ) .     (2.2.21) 
where 
( ) ( )[ ]




σ
ττ−πσ≡τ 2ln
0
ln 2
/ln
exp
2
1ln cccGF .    (2.2.22) 
The centre of gravity of the correlation time distribution is given by , and the 
width of the distribution is . 
)ln( 0cτ
ln2/1 02.1 σ=∆
 
 
2.2.4 Dependence of the residual second van Vleck moment on cross-link density 
 
For ideal polymer coils the most significant and distinctive property is the Gaussian 
distribution of the end-to-end distances. By considering that different segments of the freely 
jointed chain are statistically independent and can be represented by a Markov chain, on can 
derive the correction to the Gaussian distribution of the end-to end distances R
r
 [Gro1]. In 
the approximation of the first correction term the distribution of R
r
 is given by: 
( ) ( ) ( ) 


 +


 +−−≅ ...
aN
R3
Na
R105
N20
31RPRP 42
4
2
2
N
c
N
rrrr
,   (2.2.23) 
where the Gaussian distribution function is: 
( )



−


π= 2
22/3
2N Na2
R3exp
Na2
3RP
rr
.    (2.2.24) 
 From the distribution ( ) ( )RP cN r  corrected in the first order, one can calculate all 
moments, i.e., the averaged values of any even power of R
r
. From the Gaussian distribution 
function, equation (2.2.24), we get: 
( ) ( ) ( )∫∞=
0
N
n2
R
n2 RdRPRR
rrrr
r ,           (2.2.25) 
and ultimately, 
( ) ( ) ( )nn
R
n nNaR
3
12...3122 +⋅⋅⋅=r
r
.     (2.2.26) 
 To obtain the dependence of the residual second van Vleck moment (cf. equation 
2.2.17) on the cross-link density or shear modulus (see below), one has to calculate the 
average over the end-to-end vector distance for the quantity ( )22a2N 2Rr . Using the corrected 
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Gaussian distribution function given by equation (2.2.23), equation (2.2.26), and equation 
(2.2.17), one than gets 
32
R
2
22
2
2 N
1
3
2
N
1
3
5
aN
RM −≅


∝
r
r
   (2.2.27) 
 Within the limit of the approximation used above, it is concluded that the residual 
second van Vleck moment scales with 1  for high numbers of statistical segments, i.e., for 
N>>1, which means for low cross-link densities. However, this regime is not invalid for our 
series of cross-linked natural rubber (see below). 
2N/
The effective number of statistical segments N is defined by the number of segments 
 between physical cross-links or topological constraints and the number )  of segments 
between chemical cross-links. If we assume that the contributions to the residual dipolar 
coupling are additive and topological constraints are independent of the degree of chemical 
cross-linking, we can write 
( )0N (CN
( ) ( )( ) ( )( ) 1C101 NNN −−− +≈ . In this case, one expects (cf. equation 
(2.2.27)) that 2M  has a polynomial dependence on cross-link density or shear modulus. 
Moreover, within the limit of vanishing chemical cross-linking ( )( )N 1C →− 0  the value of the 
residual second van Vleck moment is finite, which is indeed shown by the measured data (see 
below).  
 
2.2.5 Parameters of the dipolar correlation functions 
 
The mixed echo decays are depicted in figure 2.2.3(a) for all the samples of the series (see 
appendix 3). It is apparent that the effective transverse relaxation rates scale well with the 
cross-link densities. An oscillatory behaviour of reduced amplitude is seen for the mixed echo 
decays for the NR samples with low cross-link densities. This can be related to the 
imperfection of the refocusing pulse applied at the end of the magic sandwich and the 
partially resolved spectra of NR with low cross-link densities [Sch1]. This artefact can be 
cured if the homogeneity of the radio-frequency field is improved and pulses of shorter 
duration are used.  
The first model used to describe the mixed echo decay is based on the single 
correlation time approximation (cf. equation (2.2.19)). The best fit of the equation (2.2.19) for 
the NR samples with high, low and intermediate values of the cross-link densities are shown 
in figure 2.2.2(b). This model fits the measured decays in the initial time regime well, where 
the condition 12/12 <<τM  is fulfilled.  
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c)b) a) 
Figure 2.2.3 The mixed echo decays for a cross-link series from natural rubber (cf. Table I from appendix 2) 
measured with the pulse sequence of figure 2.2.1. The decays of all samples (a) and of the three NR samples 
with the extreme and middle cross-link densities (b) are shown in the initial time decay regime. The simulated 
decays (solid line) are also shown in (b) based on the single time correlation approximation of the dipolar 
correlation function. The best-fitted curves using the single correlation time approximation (solid line) and the 
correlation time distribution (dashed line) are shown (c) for the mixed echo decay of the NR1 sample. 
b)a) 
Figure 2.2.4 Residual second van Vleck moments 2M  (a) and correlation times τc (b) obtained from fits of 
equation (18) to the experimental mixed echo decays (cf. figure 2.2.2) as a function of cross-link density C.  
 
The residual second van Vleck moments and the correlation times are extracted from 
the best fit with equation (2.2.19); the results are shown in figure 2.2.4 as a function of cross-
link density. The model involving the distribution of correlation times is used to fit the same 
mixed echo decays (see figure 2.2.3). In this case the fit parameters are 2M , the correlation 
time τc0 related to the centre of gravity (i.e., ln (τc0)) and the quantity ∆1/2, which describes the 
width of the distribution. 
The mixed echo amplitude (cf. equations (2.2.20) - (2.2.22)) is a highly non-linear 
function of τc0 and ∆1/2 parameter, and thus, the quality of the fits is less than that shown in 
figure 2.2.3(b) (see figure 2.2.3(c)). The uncertainties are less than 25%. The small 
oscillations of the data at the beginning of the decays, evidentiated in figure 2.2.3(c), do not 
affect essentially the quality of the fits. Nevertheless, the model, which considers the 
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distribution of the correlation times, has more physical significance for elastomers than the 
single correlation time approximation. The dependence of 2M , τc0, and ∆1/2 on cross-link 
density is shown in Fig. 2.2.5. 
A strict separation of the contributions of residual dipolar couplings and the 
distribution of the correlation times is not possible in the domain ( ) 2/12M<τ  of the decay 
curves. The small changes in 2M will mainly affect the initial region of the decay, but for 
larger changes the long time region is also affected. 
The parameter τc0 influences both the initial region and the tail of the fitted curve. The 
concavity of the fitted curve is not affected by the 2M , but is dependent on τc0. The fitted 
curve is strongly affected especially in the tail by the changes in the parameter ∆1/2. 
 The actual degree of cross-linking obtained by the vulcanisation process can be 
independently quantified by the shear modulus (G) and Young modulus (E) [Blü2]. These 
quantities are measured for all samples of the cross-link series at the end of the vulcanisation 
process. They are plotted as a function of cross-link density in figure 2.2.6 (see also Table I 
from appendix 3).  
For an ideal polymer network it is expected that G and E linearly scale with the cross-
link density, i.e., G  and  [Blü2].1)N( −∝ 1)N(E −∝  From figures 2.2.6(a) and 2.2.6(b), it is 
seen that a linear dependence of shear and Young modules on C is observed only for low 
cross-link densities. A deviation from this dependence is observed at higher cross-link 
densities, which indicates that the process of cross-linking was incomplete. Moreover, in this 
regime the functional forms of G and E are different, which could be related to stress-induced 
crystallization [Erm1]. Therefore, in figures 2.2.7 and 2.2.8 the residual second moment, <M2> 
a) b) c)
Figure 2.2.5 Residual second van Vleck moments <M2> (a) correlation times, τc0 (b), and width ∆1/2 of the 
distribution function of the correlation times σln (c) obtained from the fit of equation (19) to the mixed echo 
decays (cf. figure 2.2.3) as a function of the cross-link density C.  
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b)a) 
Figure 2.2.6 The shear modulus G and the Young modulus E as a function of the cross-link density C for a 
series of cross-linked natural rubber samples (cf. Table I). The dependence is linear for the lower values of the 
cross-link densities (dashed lines). 
 
determined from the model which accounts for a distribution of the correlation times, the 
correlation times τc and τc0 as well as the width of the distribution ∆1/2 are shown as a function 
of shear modulus. 
 
2.2.6 The functional dependence of 1H residual second van Vleck moments 
on cross-link density 
 
Before the measured dependence of 2M  on the cross-link density are analysed by the 
theoretical model discussed in chapter 2.2.4, the two models used to extract the values of the 
residual second moment are compared. Clearly, the model based on the distribution of 
correlation times offers a priori a more realistic description of the polymer network. 
Furthermore, the values of 2M  obtained by using this model are approximately one order of 
magnitude greater than those determined by applying the single correlation time model (see 
Table I). The later one agrees with the values reported previously by Callaghan and Samulski 
using a combination of solid and Hahn echoes [Cal1]. 
Our 2M  values obtained with the single correlation time model are in agreement 
with those reported by Grinberg et al. for cross-linked NR samples where the dipolar 
correlation effect measured with the stimulated echo is analysed [Fis1, Gri1]. In both previous 
investigations, simple exponential correlation functions are employed. In order to decide 
which model leads to more realistic values for the residual second moments, we estimate 
2M  by applying the approximate relation [Gol1]. 
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Table I. Full width at half intensity ∆ν1/2 and cut-off frequency (α) of the absorption NMR spectra for the series 
of cross-linked NR samples. The values of the residual second van Vleck moment estimated from equation 
(2.1.28) and assuming a single- and a distribution of correlation times are presented. 
 
Sample ∆ν1/2 [kHz] α [kHz] 2M [106rad2s-2]a 
Single correlation 
time 
2M [10
6rad2s-2]b 
Distribution of 
correlation times 
2M [10
6rad2s-2]c 
NR1 512 3.90 25.5 1.6 33.5 
NR2 610 4.15 31.8 2.3 42 
NR3 708 4.64 41.3 3.9 62 
NR4 830 4.83 50.4 7.6 80 
NR5 927 5.03 58.6 11.5 125 
NR6 1001 7.57 95.2 20.8 190 
NR7 1049 8.98 118.4 31.7 280 
a The uncertainties are less than 40%. 
b The uncertainties are less than 10%. 
c The uncertainties are less than 25%. 
 
TABLE II. The coefficients an of the function ( )∑ = −= 4 0n nnn2 Ga1M  used for fitting the residual second 
moment data from model based on the distribution of correlation times.  
Polynomial coefficients 
an 
Full data set used  
for fitting 2M
a 
[106 rad2s-2N-nm-n] 
First four values used 
for fitting 2M  
[106 rad2s-2N-nm-n] 
a0  32 27.97±0.02 
a1 ≅0 ≅0 
a2 ≅0 18.2±0.1 
a3 62 5.4±0.1 
a4 69 11.1±0.09 
a The errors are lower than 10-3. 
 
π
ν∆α= 212 /M ,     (2.2.28) 
valid for a Lorentzian absorption line shape, where ∆ν1/2 is the full width at the half height 
and α is a cut-off parameter for the NMR spectrum. This parameter is defined such that the 
absorption spectrum is zero for the frequency range |∆ν| > α. The data obtained using 
equation (2.2.28) for the investigated cross-link series are presented in Table I and show that 
the estimated values of 2M  are closer to those obtained with the distribution of the 
correlation times. 
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Figure 2.2.7 The residual second van Vleck moments 2M  obtained from fits using the distribution of the 
correlation times (cf. figure 2.2.5a and Table I) as a function of the shear modulus G for the NR cross-link series 
(see Table I). The solid line represents the best fit of the data with the polynomial ( )∑ = −= 4 0n nnn2 Ga1M . The 
same polynomial dependence on the shear modulus was used to fit the first four values of 
2M  and the solid 
line in the inset shows the best fit for the low cross-link densities. The values of the an parameters are given in 
Table III. 
 
 
 Based on the dependence of the residual second moment on 1  given by equation 
(2.2.27), the 
N/
2M  values obtained from the distribution of correlation times can be fitted by 
a polynomial up to the forth power in the shear modulus G, i.e., 
4
4
3
3
2
2102 GaGaGaGaaM +−+−= .      (2.2.29) 
The polynomial coefficients ai (i = 0, 1, 2, 3, 4) are listed in Table II and the best fit is shown 
in figure 2.2.7. To describe the full range of cross-link densities, the terms in G3 and G4 
dominate as it is shown from the very small values of the a1 and a2 coefficients. If only the 
first four values of 2M  corresponding to an intermediate regime of cross-linking are 
considered, the G2 term dominates the dependence as it is seen from the Table II and the inset 
of figure 2.2.7. This qualitatively agrees with equation (2.2.27). 
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TABLE III. The coefficients an of the function ( )∑ = −= 4 0n nnn2 Ga1M  used for fitting the residual second 
moment data from model based on the distribution of correlation times.  
 
Polynomial coefficients a  n
Full data set used for fitting 
2M
a [106 rad2s-2N-nm-n] 
First four values used for fitting 
2M  [10
6 rad2s-2N-nm-n] 
a0 32 27.97±0.02 
a1 ≈0 ≈0 
a2 ≈0 18.17±0.13 
a3 62 5.38±0.11 
a4 69 11.09±0.09 
a The errors are lower than 10-3. 
 
 
2.2.6 The functional dependence of the correlation times on cross-link 
density 
 
The following depicts a phenomenological approach to describe the dependence of the 
correlation times on the cross-link density. One approach that accounts for the non-Arrhenius 
dependence of the correlation time τc on temperature T is based on the Williams-Landel-Ferry 
(WLF) equation [Wil1]: 
( ) ( ) ( )( )

 −−
−−τ=τ
2g
g1
gcc CTT
TTC
expTT ,    (2.2.30) 
where Tg is the glass transition temperature and C1 and C2 are fitting parameters.  
 Our ad hoc assumption is that the C1 parameter depends on the shear modulus G by 
the relation: 
( ) p0
11 aGCC += .     (2.2.31) 
Combining equation (2.2.29) and equation (2.2.30), we can than write for a given temperature 
T the correlation time: 
( ) { }p0cc bGexp −τ=τ .         (2.2.32) 
The new fitting parameter b is related to the quantities a, T, and Tg. We assume that the same 
type of equation describes the dependence of the correlation time τc0 related to the centre of 
gravity of the distribution of the correlation times. Based on this assumption, the logarithmic 
width  ∆1/2 of the distribution scales according to Gp. The best fits to the data for τc and τc0 are  
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c)b)  a) 
Figure 2.2.8 The correlation time τc (a) from figure 2.2.4b and τc0 (b) from figure 2.2.5b, and the width ∆1/2 of 
the distribution function of the correlation times (c) from figure 2.2.5c as a function of the shear modulus G. The 
solid lines represent the best fit of the data with different functions having the following functional 
dependencies: (a) 236.5·exp{-0.41G3.3±0.2} µs, (b) 274.9·exp{-0.66·G2.8±0.6} ns, and (c) 3.52+0.31·G3.1±0.2. 
 
shown in figure 2.2.8(a) and 2.2.8(b), respectively. The phenomenological equations of the 
type of equation (2.2.32) lead to the functional dependencies ( )2.03.3c G41.0exp5.236 ±⋅−⋅≅τ  
µs and ( )6.08.20c G66.0exp275 ±⋅−⋅≅τ  ns. 
The logarithmic width of the distribution of the correlation times is shown in figure 
2.2.8(c). It can be fitted best with the function . Within the limit of 
the experimental and fitting errors, the approximate power law G
2.01.3
2/1 G31.052.3
±⋅+≅∆
3 gives the dependence of the 
correlation times and the logarithmic width of the distribution on the shear modulus which 
characterizes the degree of topological constraints as well as constraints from chemical cross-
linking. A derivation of such a power law from the first principles is beyond the scope of this 
work. 
 In an independent study of the cross-relaxation rates by NOESY/MAS and by spin-
lattice relaxation experiments on a cross-link series of styrene-butadiene rubber the centre of 
gravity of the heterogeneous distribution of the correlation times was found to be in the range 
of , and the full width at half height to be nsc 101000 ÷≈τ 32/1 ≈∆  [Fri1]. These values 
compare well with the values measured for series of cross-linked NR (cf. figures 2.2.8(b) and 
2.2.8(c)) and serve as a further independent check of our measurements. 
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2.3 Segmental Anisotropy in Strained Elastomers by the 
Mixed Magic-Hahn Echo decay and 1H NMR of 
Multipolar Spin States 
 
A well-known consequence of the theory of rubber elasticity is the bond orientation [Tre1, 
Erm1]. Deformation of an elastomer induces anisotropy of the backbone bonds of the polymer 
coil. In recent NMR studies of rubber elasticity the mechanism of deformation and the 
orientation of network chains has received increasing attention. One and two-dimensional 
NMR spectroscopy of 2H and 1H have been used intensively in the last decade to measure the 
dipolar correlation effect, homonuclear and heteronuclear residual dipolar couplings, and 
corresponding dynamic order parameters [Can1, Coh1, Dem1, Del1].  
In the presence of a uniaxial mechanical force the deuterium NMR line splits revealing 
that a molecular anisotropy of the chain segments is induced in the polymer network [Col1, 
Del2, Sot2, Sot3, Sot4, Gron1, Jak1, Lit2]. There are two distinct mechanisms responsible for 
this induced local anisotropy [Sot4, Jak1]: (i) The anisotropy of the residual dipolar 
interactions is increased for each chain due to changes in the length and orientation of the 
network junctions and is independent of the interactions between the chains. (ii) The second 
mechanism responsible for the chain anisotropy is given by the isotropic short-range 
orientational interactions between segments belonging to different chains. Under the axial 
deformation the chains will produce a screened short-range excluded-volume interaction with 
an induced attractive potential. 
 
 
2.3.1 The affine transformation of polymer networks in strained elastomers 
 
In order to obtain the dependence of the residual dipolar Hamiltonian for a strained elastomer 
with the extension ratio λ we assume an affine deformation for evaluation of the stretched 
end-to end vector R′r  (cf. figure A5.1). The elastomer network is extended by a factor λ along 
the force direction and shrinks by a factor 1/ λ  in the perpendicular directions. The new 
end-to-end vector length is characterized by the new separation R’ relative to the relaxed state 
end-to-end vector length R, and the angle β describing the orientation of the Rr  vector relative 
to the  will change also in the presence of the uniaxial stress to a new value β’ (see A5.11): 0B
r
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( ) ( )
( )
( )

 β


λ−λ+λ=
β


λ−λ+λ
βλ=β
2222
22
22
2
cos11R'R
cos11
cos'cos
rr
,.    (2.3.1) 
The step-by-step development of the equation (2.3.1) is given in Appendix 5 and we have 
found to be in agreement with those given in reference [War1]. 
 
2.3.2 The statistical distribution function describing polymer networks 
in strained elastomers 
 
For an ideal polymer chain the statistical distribution of the end-to-end distance is Gaussian 
[Gro1]: 
( )



−π= 2
2
x
2xG Na
R
2
3exp
Na2
32Rf ,    (2.3.2) 
For a chain with excluded volume the statistical distribution of the end-to-end vector 
differs qualitatively from the statistical distribution of the end-to-end distance of an ideal 
chain [Gro1]. In the Appendix 5 was demonstrated that the new distribution of the end-to-end 
vector became: 
( )



−


ππ= 2
2
3
22
3
R
R
2
3exp
R
R
2
34R,Rf
rrr
.   (2.3.3) 
This is formally similar with Maxwell-Boltzmann distribution function. Moreover this new 
distribution function is fulfilling the Grosberg and Khokhlov condition [Gro1]. The quantity 
22 NaRR ==  is the average value of the end-to-end vector, with N the number of 
statistical Kuhn segments, and a the length of such a segment (see figure 2.2.1).  
In the case of a strained polymer network the normalized distribution function of the 
end-to-end vector, R
r
 and his orientation in the static magnetic field is give by the following 
equation derived in Appendix 5: 
( ) ( ) ( )[ ] ( ) ( )[ ]
( ) ( )( ) ( )[ ] 2/3233
3
2
233
2
2
3
2/3233
3
22
3
q
'cos1
'sin',f
'cos1
R
R
2
3exp'cos1
R
R
2
34',,R,'Rf
βλ−+λ
βλ=βλ




λ
βλ−+λ−λ
βλ−+λ


ππ=βλ
β
rrr
. (2.3.4) 
For a better understanding of the above distribution, simulations of equation 2.3.4 
were performed. These simulations are presented in the following figures. 
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Figure 2.3.1 The end-to-end distribution function fq( 'R
r
, R , β’, λ) for R = 0.5 as a function of q and β for (a) λ 
= 1 (b) λ = 2 (c) λ = 3 (d) λ = 4. 
b)
c) d)
a) 
 
The end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of end-to-end vector, 
'R
r
 the azimuthally angle β’ for R =0.5 and λ = 1, 2, 3 and 4 are presented in figure 2.3.1(a, b, 
c) and 2.3.1(d), respectively. As we are expecting we observe a Maxwell-Boltzmann like 
distribution of the reduced end-to-end vector for λ = 1 (see figure 2.3.1(a)) independently on 
the azimuthally angle β. An interesting redistribution of the length of the end-to-end vector is 
appearing in the moment of stretching the polymer. For the smallest angle β’ with the 
increasing of the elongation ratio λ the end-to-end vector distribution is extended over a larger 
values of the end-to-end vector R
r
 (for example see the shape of the distribution in figures 
2.3.1(b), (c) and (d)). 
Opposite situation can be observed in the case of largest angle β’. Here, with the 
increasing of elongation ratio λ the number of short end-to-end vector Rr  became more and 
more larger whereas the number of long end-to-end vector decrease dramatically. As it is 
obvious from equation (2.3.4) in all cases the distribution over the end-to-end vector is 
maintaining the Maxwell-Boltzmann like features. 
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In figure 2.3.2 is presented for comparison the same type of the distribution as in 
figure 2.3.1 by for a fixed elongation ratio λ = 4 as a function of the medium value of the end-
to-end vector R . This quantity is inverse proportional with the cross-link density, or in other 
words the cross-link density decays with the increase of the medium value of end-to-end 
vector. Comparing figures 2.3.1(d) with 2.3.2(a) and 2.3.2(b) we can say that with the 
decrease of the cross-link density the distribution of 'R
r
 is covering a bigger range of end-to-
end vectors. 
Figure 2.3.2 The end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of 'R
r
 and β for λ = 4 and a) 
R = 1.0; b) R = 2.0; 
a) b)
 
Figure 2.3.3 Reduced-end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of β’ and λ for R = 0.5 
and a) 'R
r
 = 0.1; b) 'R
r
 = 0.5; c) 'R
r
 = 1.0; d) 'R
r
 = 2.0; 
b)
c) d)
a) 
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In figure 2.3.3 are presented the reduced end-to-end distribution function fq( 'R
r
, R , β, λ) 
as a function of elongation ratio, λ and azimuthally angle β’ for discrete value of the end-to-
end vector, 'R
r
 like 0.1, 0.5, 1.0 and 2.0, respectively. In all cases for the unstrained polymer, 
λ = 1, the constant line in the β’ angle dependence is telling us the fact that the end-to-end 
vector is isotropic. 
Figure 2.3.3(a) is presenting the angular dependence of a smallest end-to-end vector, 
'R
r
 for different value of elongation ratio between λ = 1 (unstrained) and λ = 5. If for λ = 1 we 
cannot see any anisotropy in the distribution the biggest anisotropy is observed for the biggest 
value of presented elongation ratio λ = 5. From this figure is even more clear that the number 
of smallest end-to-end vector are decaying with the increase of the elongation ratio λ for 
smallest value of angle β’ and is increasing for larger value of angle β’. 
In contrast with figure 2.3.3(a), which present only one maximum for the rest of the 
cases (see figures 2.3.3 (b), (c) and (d)) in which the end-to-end vector, 'R
r
 have a smallest 
value, we can find multiple combination of λ and β for which this maximum appears. In the 
case of 'R
r
= R  this maximum appears at a certain value angle β’ independently on the 
elongation ratio λ see figure 2.3.3(b). For any other values of angle β’ the number of end-to-
end vectors 'R
r
= R  is decreasing with the increase of elongation ratio λ. 
With the increase of the value of end-to-end vector, the number of 'R
r
 are increasing 
with the increase of elongation ratio λ for smallest values of azimuthally angle β’ and 
decreasing with the increase of elongation ratio λ for larger values of azimuthally angle β’ as 
we can see from figures 2.3.3(c) and (d). Moreover in figure 2.3.3(d) we can observe with the 
increase of elongation ratio λ the apparition of some end-to-end vectors, which were not 
probable for unstrained polymer. 
Figure 2.3.4 Reduced-end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of β’ and λ for: a) 
'R
r
= R =0.01 and b) 'R
r
= R =0.001. 
b)a) 
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Figure 2.3.4 is presenting the angular dependence of two smallest end-to-end vector, 
'R
r
 for different value of elongation ratio between 1 (unstrained) and 5 in the case in which 
this are equal with the average value of the end to end vector, 'R
r
= R . Figures 2.3.4(a) and (b) 
are similar with figure 2.3.3(b) in which the same situation is presented but for a larger value 
of mean end-to-end vector, or a smallest cross-link-density. Whereas the probability is 
increasing with the increase of cross-link density the shape of distribution remain unchanged. 
Figure 2.3.5 Reduced end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of 'R
r
 and λ for R =0.5 
and: a) β = 00; b) β = 300; c) β = 600; d) β = 900. 
e) f)
b)
c) d)
a) 
 
Chapter 2.3 Segmental Anisotropy in Strained Elastomers by  
Mixed Magic-Hahn Echo decay and 1H NMR of Multipolar Spin States 
36
The end-to-end distribution function fq( 'R
r
, R , β, λ) as a function of end-to-end vector 
'R
r
and elongation ratio λ for some azimuthally angle β like 00, 50, 100 300, 600 and 900, are 
presented in figure 2.3.5. If the azimuthally angle β’ is smallest than the effect of strain is to 
reduce the number of smallest end-to-end vectors 'R
r
 and to increase the number of larger 
end-to-end vectors (see figures 2.3.5(a), (b) and (c)). In contrast if the azimuthally angle β’ 
largest effect of strain is to increase the number of smallest end-to-end vector 'R
r
 and to 
reduce the number of big end-to-end vector (see figures 2.3.5(e) and (f)). A mixed situation 
can be observed for medium value of azimuthally angle β’: with the increase of λ first we can 
observe an increase followed by a decrease of the number of largest 'R
r
 than R  and a 
decreased followed by an increase in the number of end-to-end vectors smallest than R  (see 
figures 2.3.5(d)). 
The azimuthally distribution function fβ(β, λ) as a function of λ and β is presented in 
figure 2.3.6. For the λ = 1 the isotropic distribution of azimuthally angle β’ is represented by 
the sine function. First obvious effect of stretching the polymer network is to produce an 
anisotropy in the distribution function, which is reflected in shifting the maximum in 
distribution function as a function of azimuthally angle to smallest values of angle β’, with the 
increase of elongation ratio, λ. The second effect, which is highlighted by the figure 2.3.6 is 
the fact that for any arbitrary angle β’ whit the increase of elongation ratio, λ first the 
distribution function is increasing rapidly is reaching a maximum and after that is decaying 
slowly. In conclusion the effect of stress on the distribution angle β’ is to orient the chains in a 
big proportion close to the direction of force and the rest of the chains are distributed 
approximately constant over the rest of the angles β’. These behaviors of the angular 
distribution function are in agreement with the observation of so-called stress induced 
crystallization. 
 
 
 
 
 
 
 
Figure 2.3.6 Azimuthally distribution 
function fβ(β, λ) as a function of β’ and λ. 
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2.3.3 The λ dependence of the 1H second van Vleck moment of a 
polymer network under external axial deformation oriented 
parallel to the magnetic field 
 
Using the pre-averaged dipolar Hamiltonian for a relaxed network discussed above together 
with the results of Sotta and Deloche [Sot2, Sot3] for a network strained by a uniaxial force 
F
v
, the residual dipolar Hamiltonian can be written as 
( ) 0,2222sd Tˆ'cosP'RNa
1DS
2
3ˆ β−= rH ,   (2.3.5) 
 From the above equations in hypothesis of affine deformation the residual dipolar 
Hamiltonian of a spin- ½ pair is given (see Appendix 6) by: 
( ) ( ) 0,222222
2
sd Tˆ
1sin
2
1cosP
R
RDS
2
3ˆ 

 


λ−λβ+λβ−=
r
H ,  (2.3.6) 
where the 22 NaRR == r  parameter and the angle β correspond to the relaxed network. 
The λ dependence of the proton second van Vleck moment can be evaluated from the residual 
dipolar Hamiltonian described by the equation (2.3.3). The general expression for the second 
van Vleck moment is given by: 
[ ]
[ ]{ }21,1 ,R
2
1,1d
2
)s(TˆTr
)s(Tˆ,ˆTr
M 


= β
r
H
,    (2.3.7) 
where  is the anti-symmetric irreducible tensor operator [Bow1]. Replacing the (2.3.6) 
Hamiltonian in the (2.3.7) definition of the second van Vleck moment we finally get the 
lambda dependent residual second van Vleck moment: 
)s(Tˆ 1,1
( ) [ ]{ }[ ]{ }
( ) ( ) ( ) ( )
( ) 








λ−λβ+
λ−λββ+λβ
=λ
β
ββ
2
24
42
2
42
2
R
4
4
2
s
2
2
1,1
2
1,10,2
2 1sin
4
1
sincosPcosP
R
RSD
)s(TˆTr
)s(TˆTˆTr
2
3M
r
r
. (2.3.8) 
The average ( ) β,R... r  includes two separate averages, one over the length of the end-to-end 
vector , denoted later by R
r ( )
R
... r  and the other over the azimuthally angle β denoted later by 
( ) β... . The average over the distribution of end-to-end vectors describing the relaxed network 
is performed using the above discussed distribution function. 
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Finally the normalized dependence of the second van Vleck moment is given by the 
following equation: 
( )
( ) 



λ+λ−λ==λ
λ
2
4
2
2 1
3
2
3
2
1M
M
.      (2.3.9) 
 The equation (2.3.9) obtained also by Warner, Callaghan and Samulski [War1] but is 
far away from the experimental data. The solution proposed also by Brereton [Bre1] is to add 
an supplementary term in the Hamiltonian, which takes into account the chains interactions: 
( ) ( ) 0,222222
2
sd Tˆk
1sin
2
1cosP
R
RDS
2
3ˆ



 +

 


λ−λβ+λβ−=
r
H ,     (2.3.10) 
With this term the second van Vleek moment became (for the detailed development see 
Appendix 7): 
( )
( ) 2
22
2
4
2
2
k31
k31k21
3
2
3
2
1M
M
+
+


λ−λ+


λ+λ−λ==λ
λ
  (2.3.11) 
Brereton shown that k is depending on the elongation ratio λ: 



λ−λ=
1Kk 2 ,     (2.3.12) 
for a force oriented along the static magnetic field. Anyway also a dependence of the angle θ 
the angle between the static magnetic field and the direction of the force can be taken into 
account: 
( ) 


λ−λθ=
1cosKPk 22 ,         (2.3.13) 
We believe that a dependence on the cross-link density is also probable, dependence 
which may explain better the polynomial expansion of the second van Vleek moment on the 
shear modulus as was given in the chapter 2.2 (see equation (2.2.29)). Then a complete 
dependence of term k can be: 
( ) ( )  λ−λθ= 1cosPRKk 22 .    (2.3.14) 
Is not the objective of the present work to study these dependences, but is the objective 
to prove that the term in k is necessary in the residual dipolar Hamiltonian and will be 
considered in the zero approximation to be constant even in reality is ( )λθ= ,,RKk . 
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2.3.4 The experimental dependence of <M2>, τc0 and ∆½ on the 
elongation ratio λ 
 
The second van Vleek moment, <M2> center of the distribution of the correlation time, τc0 
and the width of the distribution at the half of the amplitude, ∆½, was determined by fitting 
with equations (2.2.20), (2.2.21) and (2.2.22) the mixed Hahn-magic echo decay described in 
chapter 2.2. The experimental point together with the fitting curve are presented in figure 
2.3.7(a) for a natural rubber sample (NR2) for three value of elongation ration λ = 1.0, 2.0 and 
4.0. The direction of the force was oriented along the static magnetic field. 
In figure 2.3.7(b) is presented the dependence of the second van Vleek moment, <M2> 
on the elongation ratio λ between 1 and 4. The dependence of the center of the distribution of 
the correlation time, τc0 and the width of the distribution, ∆½, on the elongation ratio λ are 
presented in figures 2.3.7(c) and (d) respectively. 
c) d)
a) b)
Figure 2.3.7 (a) The mixed magic-Hahn echo decay for the stretched NR2 for three elongation ratio λ = 1, 2 and 
4 for an angle θ = 0 between the external force and static magnetic field (b) The residual second van Vleck 
moments <M2> as a function of elongation ratio λ; (c) the correlation times τc0 as a function of elongation ratio 
λ; (d) the width ∆½  of the distribution function. The residual second van Vleck moments <M2> correlation times 
τc0 width ∆½  of the distribution function are obtained from the fit of mixed echo decay with equation (2.2.20) 
(2.2.21) and (2.2.22). 
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Figure 2.3.8 The normalized residual second van Vleck moments <M2>/<M2(λ = 1)> from figure 2.3.7(b) and 
two fitting function: with the equation 2.3.9 (dashed line) and with equation 2.3.11 (continuous line) with a 
parameter k = 10.9 ±0.1. 
 
The second van Vleck moment is increasing with the increase of the elongation ratio 
λ. The theoretical dependence of the <M2> on λ given by equation 2.3.9 is plotted with 
dashed lines together with normalized experimental value of second van Vleck moment (see 
figure 2.3.8). As was already observed by Callaghan and coworkers [Cal1] the equation is not 
describing at all the experimental data. A big improvement of the dependence of <M2> on λ is 
achieved when in the expression of the dipolar Hamiltonian is taken into account the k term 
(see equation (2.3.8)). The best fit of the experimental data are obtain for a value of k of 10.9 
±0.1 and is presented also in figure 2.3.8 with continuous line. In this case the experimental 
point were fitted more than satisfactory. The k dependence given by equation 2.3.12 was 
tested but the result was also far away from experimental points. In fact was so worse than 
from a concave shape of experimental dependence the best fit was presenting a convex line. 
Then the problem of the functional dependence of factor k is still open. 
The dependence of the center of the distribution of the correlation time, τc0 on the 
elongation ratio λ presented in figures 2.3.7(c) present a characteristic, which is founded in 
many cases of phase transition. For smallest value of λ we can observe a very weak decay of 
τc0 with the increase of λ. Between λ = 2 and 3.5 a big decay can be observed in the 
dependence and for larger value of elongation ratio this dependence starts to fill les and les 
the strength. If we are considering that the correlation time is the inverse of the “vibration 
frequency” which is proportional with the square root of the tension in the polymer chain, 
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then with the decrease of the correlation time the stress in the polymer chain is increased. We 
can say that for smallest value of elongation ratio the length of polymer chains between two 
adjacent cross-links point is increase without to stress effectively the chain jut to order these 
chains. Between 2 and 3.5 these order starts to exceed the dimension of a single chain and in 
the same time the chain are starting to fill the stress. For larger value of elongation ratio these 
process starts to show a saturation effect. 
In figure figures 2.3.7(d) is presented the dependence of the width of the distribution, 
∆½, on the elongation ratio. This width is increasing systematically with the increase of λ. 
Two slops can be observed in distribution 1) until λ = 2 and 2) after this value. Also this 
parameter can show the transition effect, which can be correlated with the stress-induced 
crystallization. 
 By our knowledge the stress induced crystallization was observed until now in the 
dependence of the 1H second van Vleek moment on elongation ratio λ. We are assuming that 
this is due to the fact that until now was not used the more physical distribution of correlation 
times. Then the effect, which can now be observed in the dependence of width of the 
distribution, was in fact included in the dependence of the second van Vleek moment. 
 
 
2.3.5 The anisotropy of the residual second van Vleck moment. 
 
Let’s assume now that the direction of the force is not oriented along the static magnetic field 
but is making an angle θ with this z-direction. Then in the residual dipolar Hamiltonian 
described by the equation 2.3.10 the angle β must be replaced by the angle β0, the new angle 
between the end-to-end vector and the direction of the static magnetic field (see also figure 
A9.1 from Appendix 9): 
( ) 0,2022
2
sd TˆkcosPR
'RDS
2
3ˆ 

 +β−=
r
H .   (2.3.15) 
 The angle β0 must be express as a function of angle θ defined above and angle β’ 
between the end-to-end vector and the direction of the force (see also figure A9.1). This 
relation is developed in the Appndix 8 (see equation A8.8) and is used in chapter 3 in order to 
describe the orintation of the collagen fiber into Achlles tendon. 
 Then finally the residual dipolar Hamiltonian became: 
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( )( ) ( ) ( )
( ) ( ) 0,2
2
23
2
2
sd Tˆk,,,C,,,B
,AcoscosP
R
RDS
2
3ˆ



 +







λγβθ+λγβθ+
λβ+βθλ−=
r
H ,          (2.3.16) 
where the quantity A, B, and C are defined below: 
( ) ( )
( ) ( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )( )223222
23
2
3
cos11
1cossinsin
2
3,,,C
cos11
1coscossin2sin
2
3,,,B
sin1,A
β−λ+γβθ=λγβθ
β−λ+γββθ−=λγβθ
βλ−=λβ
, (2.3.17) 
The second van Vleek as a function of θ and λ became:  
( )
( )( )
( )( ) ( )( )
( )( ) 













+

 +λ+θλ








++βθ
++λ+θλ
=λθ
γβ
γβγβ
γβγβ
2
,32
3
,,
2
2
,
2
,
2
6
2
26
2
kC
3
2
3
1cosPk2
AC2CAcoscosP2
CB
5
8cosP
5
1
3
5
,M M .            (2.3.18) 
 
Simulation of the angular dependence of the second van Vleek moment given by 
equation (2.3.18) for four values of elongation ratio λ and three values of the constant k are 
presented in figure 2.3.9. The general shape (excepting the case in which λ=1) is given by the 
 
f)d) e) 
b) c)a) 
Figure 2.3.9 Simulation of the normalized angular dependence of the second van Vleek moment given by 
equation (2.3.18) for four values of elongation ratio λ and three values for the constant k: a) for λ = 2 and k = 0, 
1 and 2; b) for λ = 3 and k = 0, 1 and 2; c) for λ = 2 and k = 0, 1 and 2; d) for k = 0 and λ = 1, 2, 3 and 4; d) for k 
= 1 and λ = 1, 2, 3 and 4; d) for k = 2 and λ = 1, 2, 3 and 4; 
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square of the second Legendre polynomial as we can observe from equation 2.3.18. Also 
many correction terms are presents. For a given value of λ the θ dependence of the second 
van Vleek moment became week with the increasing of the value of term k (see figures 
2.3.9(a), (b) and (c)). In contrast to this, for a given value of k the θ dependence of the second 
van Vleek moment became larger with the increase of the elongation ratio λ (see figures 
2.3.9(d), (e) and (f)). In all cases a shift of the minimum from the value of magic angle is 
observed and this shift became bigger for smallest value of λ and k. In fact the large shift in 
this minimum for k = 0 is other proof that this factor must be considered. 
The mixed Hahn-magic echo decay together with the fitting curve, the extracted value 
for second van Vleek moment, <M2> center of the distribution of the correlation time, τc0 and 
the width of the distribution at the half of the amplitude, ∆½, are presented in figure 2.3.10 for 
a natural rubber sample (NR2) as a function of the orientation angle θ between the direction 
of force and the static magnetic field. The fit of the experimental point was performed using 
equation (2.2.20), (2.2.21) and (2.2.22). The <M2> dependence on the angle θ is similar with 
those observed in the simulation presented in figure 2.3.9. 
 
c) d)
a) b)
Figure 2.3.10 a) The mixed Hahn-magic echo decay for three angle θ = 00, 550 and 900; b) the residual second 
van Vleck moments c) center of distribution of correlation times, d), and width ∆½ of the distribution function of 
the correlation times as a function of angle θ.  
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Figure 2.3.11 a) The stretching device used to stress the elastomers for a orientation of the direction of force 
parallel with the magnetic field; b) the tilted coil from BRUKER used to orient a stressed elastomer in static 
magnetic field. 
 
From figures 2.3.10(c) and (d) we observe that the center of the distribution of the 
correlation time, τc0 and the width of the distribution at the half of the amplitude, ∆½, are not 
depending on the orientation angle θ. This result is not a surprise since τc0 and ∆½ are 
characterizing only the local fluctuations of the polymer network. 
The experimental devices, which allow us to realize and to measure with large 
precision the stress and orientation of the elastomers are presented in figure 2.3.11. But the 
second van Vleek moment and correlation time is not the only one NMR quantity, which is 
sensitive to the orientation. 
 
 
2.3.6 Anisotropy of the double-quantum coherences and dipolar 
encoded longitudinal magnetization 
 
Other NMR methods can be used for investigation of the residual dipolar couplings in 
stretched natural rubber bands based on 1H double-quantum (DQ) coherences and dipolar 
encoded longitudinal magnetization (DELM) [Sch1, Sch2]. The latter multipolar spin state 
can be easily understood for the case of dipolar coupled spin-½ pairs. The evaluation of the 
spin system response in this case shows that the density operator at the end of DQ excitation 
period contains a term of the form (Iz1+ Iz2)sin(DDQτ), where Izi (i=1,2) are the z components 
of the spin vector operator, DDQ is the dipolar coupling constant edited by DQ experiment and 
τ is the duration of the excitation period [Sch1, Sch2].  
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Figure 2.3.12 A five-pulse sequence supplemented by 1800 refocusing pulses for measuring dipolar-encoded 
longitudinal magnetization decay and double-quantum build-up curves. The excitation, evolution, reconversion, 
z filter, and detection periods are denoted by τ, t1, τ, τf and t2, respectively. 
 
Determination of 1H and 2H residual dipolar and quadrupolar interactions by 
multipolar spin states (like DQ and DELM) and line splitting are model free compared to the 
methods based on dipolar correlation functions [Kim1, Cal1, Bal1]. By measuring the residual 
dipolar couplings versus the extension ratio λ and its dependence on the orientation angle θ 
the angle between the uniaxial applied force F
v
 and the static magnetic field direction B  it is 
possible to distinguish the influences from chain stretching and from chain reorientation in the 
deformation process [Cal1]. 
0
r
The DELM decay and DQ build-up curves were recorded with the pulse sequence 
presented in figure 2.3.12 [Sch1]. The 900 pulse length was 13.5 µs and recycle delays of 1 s 
were used. The evolution time and z filter delay were fixed to t1 = 50 µs and τf = 5 ms, 
respectively. A special Bruker NMR probe head (tilt coil) was used which allows the 
orientation of the resonator axis relative to the direction of the static magnetic field (see figure 
2.3.11(b)). Natural rubber band having a U-shape was stretched to the elongation ratio λ ≈ 3 
using a teflon plate. 
 
Results and Discussion 
 
The 1H DELM decays and DQ build-up curves were measured for a stretched NR sample and 
the results are shown in figure 2.3.13(a) and (b), respectively, for three angles θ. For the 
magic angle θ ≈ 550 the DELM decay curve has the smallest decay (cf. figure 2.3.13(a)). This 
is also valid for the DQ build-up curves (cf. figure 2.3.13(b)) where the maximum (see dashed 
lines in figure 2.3.13(b)) is reached for the longest excitation/reconversion times for θ ≈ 550.  
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b)a) 
Figure 2.3.13 Normalized 1H DELM (a), and DQ (b) filtered signals versus the excitation/reconversion times the 
orientation angles θ = 00, 550 and 900 between the uniaxial stretching force and the direction of the static 
magnetic field. 
Figure 2.3.14 (a) Proton effective residual dipolar couplings measured from DELM decay and DQ build-up 
curves versus the orientation angle θ. (b) The normalized effective residual dipolar couplings are obtained from 
figure (a) as a function of angle θ. 
d)c) 
 
This proves that a dominant contribution to the angular dependence of the residual 
dipolar couplings and transverse relaxation rates is related to the second-order Legendre 
polynomial ( ) ( )1cos3cosP 2212 −θ=θ . Furthermore, this dependence is supported by the 
behavior of the curves for θ = 00 and θ = 900. 
 In the initial regime of short excitation/reconversion times τ defined by 1d <<τH , 
where dH  is the norm of the residual dipolar Hamiltonian the normalized DELM and DQ 
filtered signals are given by [Sch1]: 
( )
( ) [ ] ...,D10t;0S 0t;2S 22DELMeff2,1DELM 2,1DELM +τ−≈==τ
=τ
   (2.3.19) 
and 
( ) [ ] ...,D
S
0t;2S 22DQ
eff
o
2,1DQ −τ≈=τ       (2.3.20) 
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Figure 2.3.15 Normalized H DELM (a), and DQ (b) filtered signals detected after the last 90  pulse in figure 
2.3.14 versus the orientation angles θ for two values of the excitation/reconversion times τ. 
 
where  is the integral intensity of the NMR signal after a 900 pulse. The time par τ
t1, and t  are given in figure 2.3.12. Effective residual dipolar couplings  and  are 
 pre  in 
gure 3.13 using equations (2.3.19) and (2.3.20) and are shown in figure 2.3.16(a). As 
 exists for the magic angle (see dashed line in figures 2.3.14). This m m
to zero as expected if only a θ dependence of the residual 
) is effective. The different dipolar networks edited by the DELM and DQ 
mixed Ha gic ech
 regime allows measurements of residual 
dipolar couplings with or without contributions from the dipolar correlation effect 
 
1 0
a) b)
0S
2
s 2.
θ
DELM
effD
ata
inimu
dipolar couplings depending on 
DQ
effD
sented
eff
ELM
eff  
 is not close 
discussed before [Sch1] for a cross-link series from synthetic 1,4-cis-polyisoprene DELMD  > 
DQD , which is also evident from figure 2.3.14(a). A minimum in the values of DD and 
DQ
eff
riments are also evident from the normalized angular dependence of the residual dipolar 
lings shown in figure 2.3.14(b). The angular orientation effect is enhanced for the DELM 
and DQ curves at longer τ values (cf. figures 2.3.15(a) and (b)). For DQ coherences this is 
valid for τ < τmax, where τmax corresponds to the maximum of the build-up curve. This is due 
to the fact that at these times the filtered signals are a function of n2DELMeff )D(  and 
n2DQ
eff )D( , 
where n is an integer number. Moreover, the transverse relaxation starts to affect the signal 
evolution. This process is also θ dependent [Cal1]. 
The investigation of segmental anisotropy by sample orientation can be performed 
easily together with a variation of the elongation ratio. The use of hn-ma o 
decay, proton multipolar spin states like dipolar encoded longitudinal magnetization and 
double-quantum coherences in the initial evolution
eff
D
P2(cos
expe
coup
ameters , 
defined in reference [Sch1]. These quantities were determined from the d
fi
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easured by 
MR methods represent an important source of information about the structure and molecular 
dynamics in soft solids [Coh1, Nav1]. Using these quantities structure-function relationships 
were investigated for elastomer materials that constitute an important class of soft-matter 
materials [Dem5]. The difficulties related to these measurements are due to the small values 
of the residual spin couplings compared to those of other spin interactions, the many-body 
character of the dipolar couplings and the presence of molecular motions which produce a 
supplementary encoding of the spin system response. 
One important objective of the NMR spectroscopy applied in the field of elastomers is 
to develop methods that are not only accurate but are more sensitive to the changes in the 
values of the residual dipolar couplings. One-dimensional (1D) NMR methods based on the 
dipolar correlation effect in combination with Hahn and solid echoes [Col1, Cal1], the 
stimulated echo [Kim1], the magic echo [Fec1], and magnetization-exchange [8] provide 
access only to the second van Vleck moment via a model which takes into account the solid-
like and liquid-like contributions to the spin system response [Sot1]. Model free access is 
given by the analysis of multiple-quantum built-up [Sch1, Fec2, Wan1, Max1] and decay 
[Wie1] curves recorded in the initial regime of the excitation/reconversion periods as well as 
the accordion magic sandwich technique [Fec3]. Chemically site selective residual dipolar 
couplings can be elucidated by two-dimensional (2D) NMR spectroscopy using, for instance, 
13C-1H heteronuclear residual dipolar encoded spinning sideband patterns [Mal1], NOESY 
under magic angle sample spinning (MAS) [Fri1], and DQ MAS NMR spectroscopy [Gra1].  
The multiple-quantum (MQ) coherences show an increase encoding to the 
inhomogeneous spin interactions [Mun1]. For example, for the Zeeman Hamiltonian of the 
form , where δ is the off-resonance and  is the z component of the total spin 
2.4 Enhanced sensitivity to residual dipolar couplings by 
high-order multiple-quantum NMR 
 
Homonuclear and heteronuclear residual dipolar or quadrupolar interactions m
N
zinh Iˆˆ δ−=H
operator Iˆ
zIˆ
r
, the encoding of the MQ coherence of order p is exp(±ipδτ), where τ is the 
duration of the coherences evolution. Therefore, the chemical shift separation between 
spectral lines as well as the effects of the field gradients is amplified by the coherence order.  
The encoding the MQ coherences by homonuclear dipolar and quadrupolar couplings 
is more complex compared to the inhomogeneous interactions. The sensitivity of the double-
quantum versus single-quantum (SQ) spinning-sideband patterns with respect to the dipolar 
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couplings was analysed for the case of magnetically equivalent spin-1/2 pairs under magic 
describ vident that the functional 
ependence of the dipolar coupling is different. The sensitivity of the spinning-sideband 
samples with a complex 1H dipolar 
couplin
3
2.4.1 Excitation and detection of four quantum nuclear ordered 
The ge
coherences or z-polarisation is almost “exponentially” in the following exact theoretical 
treatment we will use the three pulse sequence. But due to a higher excitation efficiency of 
 
purpos
angle sample spinning (MAS) conditions in Ref. [Gra3]. Comparing the relationships, which 
e the SQ and DQ, the free induction decays it was e
d
patterns to variation of the dipolar coupling was estimated from the second and fourth van 
Vleck moments in the fast MAS regime for the creation of the DQ coherences by BABA 
pulse sequence [Fei1]. It was shown that for the number of BABA cycles higher than two the 
sensitivity against dipolar couplings is higher for DQ compared with SQ van Vleck moments 
[Gra3]. 
 The goal of this chapter is to investigate the possibility to obtain an enhanced 
sensitivity to the changes in the values of residual dipolar couplings by measurements of the 
high-order multiple-quantum coherences for static 
g network like in elastomers. The relative changes in the strength of 1H DQ and TQ 
coherences of an isolated CH  group were evaluated theoretically in the absence of relaxation 
processes. It was shown that the relative variation of the TQ filtered NMR signal is higher 
compared to that of the DQ filtered signals. The recorded build-up curves of 1H DQ, TQ and 
four-quantum (FQ) filtered signals of a cross-link natural rubber series show that the 
sensitivity to the changes in the values of residual dipolar couplings increases with the order 
of coherences in the initial regime of the excitation/reconversion periods. 
 
 
states for a quadrupolar nuclear spin with I = 2 
 
neral pulse sequence for exciting multiple quantum coherences is shown in figure 
2.4.1. Because with every pulse or free evolution period the increase in the number of 
multiple-quantum coherences experimentally five-pulse sequence was used. This discrepancy 
is not affecting the validity of the treatment because of the following reasons: 1) the 
theoretically treatment is not proposing to reproduce exactly the experimental data; the
e of the study is to shown an increase enhancement of the sensibility by going to a 
larger number in multiple quantum coherences; 2) the theory will be performed following the 
work of Bowden and Hutchison [Bow1, Bow2] for the quadrupolar nucleus whereas the 
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measurement were effectuated on a series of natural rubber in which the CH, CH2 and CH3 
groups are experiencing a dipolar interaction; 3) nevertheless, it is possible to show that one 
quadrupolar nucleus with nuclear spin I = 1 can be equivalently with a CH2 group and a 
quadrupolar nucleus with nuclear spin I = 3/2 can be equivalently with a CH3 group. 
There are many order of coherences that can be produced using the pulse sequences 
presented in figure 2.4.1 but for an academically example here we will consider only one. We 
should investigate the excitation and detection of the four quantum nuclear ordered states for 
a quadrupolar nuclear spin with I = 2.  
Consider a nuclear ensemble of I = 2 spins initially polarized along z-direction by an 
,          (2.4.1) 
operator formalism. More about these irreducible operator can be found in the Appendix 9 or 
in reference [Bow1, Bow2, Bow3]. The Curi’s factor is just a scaling factor and is not 
,          (2.4.2) 
When the nuclear ensemble is subjected to a hard radiofrequency pulse described in 
applied static magnetic field 0B
r
. The density matrix at thermal equilibrium can be written 
[Bow1]: 
zech
ˆ
where was considered the approximation of high field / high temperature, and a is the Curi’s 
factor. Because of the simplicity in the algebra in the following, we will use the irreducible 
important for the development and will be shipped in the following. With these consideration 
the density matrix can be rewritten as: 
Ia=ρ
0,1ech Tˆ∝ρ
 
the quantum mechanically term by the Liouville’s operator [Bow1]: 
( ) ( )aTˆiexpIˆiexpPˆ 1,1xx θ+=θ−=θ ,  { } { }~~~               (2.4.3) 
he density matrix becames: t
Figure 2.4.1 The scheme of multiple-quantum using three or five 900 radiofrequency pulses. The phase –x of the 
second pulse correspond to the even-order of MQ coherences and phase y to the odd-order of MQ coherences. 
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( ) ( ) ( ){ } ( ){ } ( ){ }aTˆiexpaTˆiexpaT~ˆiexpP~ˆ0 θ−ρθ+=ρθ+=ρθ=ρ .       (2.4.4) 
( )
Using the general transformation of the operators [Bow1]: 
( )  θ∝ρ Tcos0 0,1 ,    
1,1ech1,1ech1,1echx
( ) ( ) θ sTisin 1,1
or for simplicity we can consider that the pulses are perfect, then θ = 900. With this 
assumption the density matrix became: 
ˆ
ˆ

 (2.4.5) 
( ) ( )sTˆi0 1,1∝ρ ,          (2.4.5') 
In the excitation of multiple quantum coherences a free evolution period with duration 
τ is necessary. The evolution operator can be written as: 
( ) 
 τ−=τ HˆiexpEˆ ,              (2.4.6) h
where the dipolar Hamiltonian can be considered in the rotating frame: 
Tˆ
3
2ˆ ω= hH .          (2.4.7) 
The free evolution operator is: 
( )  τω−=τ Tˆ2iexpEˆ .      (2.4.6) 
0,2
 0,23
The density matrix at the end of the free ev t n peri  is gi n by:olu io od ve  
(

τρ − 0,20,20,2 3) ( ) ( ) ( ) ( ) 
 τωρ
 τω−=ρ

 τω−=ρτ= Tˆ2iexp0Tˆ
3
2iexp0T
~ˆ
3
2iexp0E
~ˆ
.    (2.4.7) 




The effect of the evolution on the T1,1(s) irreducible te r oper tor for
described in reference [Bow2]: 
nso a  a spin I = 2 is 
( )
( ) ( )[ ] ( )
( ) ( )[ ] ( )
( ) ( )[ ] ( )
( ) ( )[ ] ( )

















ωτ−ωτ−
ωτ−ωτ−
ωτ+ωτ
ωτ+ωτ
∝τρ −
aTˆ3sinsin3
73
i
sTˆ3coscos
15
1
aTˆ3sin2sin
7
2i
sTˆ3cos2cos3
5
1
i
1,4
1,3
1,2
1,1
.    (2.4.8) 
 Considering a Tn,k irreducible tensor of rank n and order k then we can say that a pulse 
will keep the rang and will expend the order and an evolution period will keep the order and 
nwill expand the rank. All of this are subjected to the following constrains: 1) the rank  can 
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have value between 0 and 2I and the order k can have value between 0 and n. Th
be used successfully to reduce the number of coherences to the desired one. For example the 
purpose of this theoretically development is to show how four quantum coherences can de 
excited and detected. In the language of irreducible tenso
can be recognized in the 
ese rules can 
r operator four quantum coherences 
4
4,4 Iˆ41Tˆ ±± =
I  and I
( )s4  and Tˆ ,4 ( )aTˆ 4,4
of coherences from 4 to 1 and after that an free evolution period will produce a single-
quantum coherences (which is the only one which is inducing a signal in coil) by reducing the 
rank from 4 to 1. The phase of next pulse must be orthogonal on the phase of the first pulse: 
 operators, which is containing four times the elevation 
and lowering operators, , respectively, or symmetrically or anti-symmetrically 
combination of these, 
4ˆ+
4ˆ−
, respectively. For mo e deta s see ppend
four-quantum coherence by applying a pulse. Only the last coherence from the equation 2.4.8 
will be transformed into a four-quantum one. Then for the clarity of the development we will 
keep only this part of the density operator: 
r il A ix 9. 
If we are taking a look to the equation 2.4.8 we can observe that it is easy to produce a 
( ) ( ) ( )[ ] ( )   (2.4.9) 
A 900 pulse on –x direction will produce the desired m ltiple quantum coher
aTˆ3sinsin3 1,4ωτ−ωτ∝τρ − . 73
1
u ence: 
( )+ =τρ P 2x ( ) ( ) ( ){ } ( )+π+π τρ−=τρ aT~ˆiexp~ˆ 1,12 ,   (2.4.10) 
Using the irreducible tensorial algebra descried in reference [Bow1, Bow2] we obtain 
for the density matrix: 
( ) ( ) ( )[ ]
( ) ( )[ ] ( )




−−
ωτ−ωτ∝τρ
ππ
+
aTˆsin33sin
28
7i
28
3sinsin3
73
1
4,422
( ) ( )[ ] +− ππ aTˆsin33sin7i 2,422 ( )
. (2.4.11) 
The equation which describe the four-quantum coherence is: 
( ) ( ) ( )[ ] ( )aTˆ3sinsin3
26
i
4,4ωτ−ωτ∝τρ + .   (2.4.12) 
During the next evolution period because the Tn,n(a, s) commute with the Hamiltonian the 
density matrix will be unchanged. 
( ) ( ) ( ) ( ) ( )[ ] ( )aTˆ3sinsin3
26
iE
~ˆ
t 4,41 ωτ−ωτ=τρτ=+τρ +− .        (2.4.13) 
This coherence cannot be detected directly, and a reconversion into a single quantum is 
necessary. This reconversion can be achieved in two steps: first a pulse will reduce the order 
 
Chapter 2.4 Enhanced sensitivity to residual dipolar couplings  
by high-order multiple-quantum NMR 
53
( ) ( ) ( ) ( ) ( )[ ] ( ){ } ( )aTˆsT~ˆiexp3sinsin3
26
itP
~ˆ
t 4,41,1212y1
π−π+ ωτ−ωτ=+τρ=+τρ ,     (2.4.14) 
which will lead to: 
( ) [ ]

−+ ˆ
24
1ˆ
24
7
3,41,4
Finally the last evolution period with duration τ will yeald: 
( ) ( ) ( ) ( )] ( )sTˆTˆ2iexp3sinsinEˆt 1,40,21  τω−ωτ−ωτ−=ρτ=τ++τρ +     (2.4
( ) ( ) ( ) ( ) −ωτ−ωτ=+τρ sTsT3sinsin3it1  

         (2.4.15) 
( ) [ ~
3
3
24
7it
~
1 
+τ .16) 
or: 
( ) ( ) ( ) ( ) ( )[ ] ( )sTˆ3sinsin31tEˆt 1,4211 ωτ−ωτ=+τρτ=τ++τρ +       (2.4.17) 
 The NMR signal on x and y directio
20
~
n can be computed using the traces properties: 
( ) ( ){ }
( ){ }
( ){ }sTTrS
aTTr
taTTr
S
2
1,1
11,1Q4
y
2
11,1Q4
x
τ=
τ++τρ−=
( ) ( ){ }tsTTr 1,1 τ++ρ    (2.4.18) 
 Introducing the equation 2.4.17 in 2.2.19 we gate the NMR signal: 
( ) ( )[ ]2Q4y
Q4
x
3sinsin3
20
1S
0S
ωτ−ωτ=
=
   (2.4.18) 
 In the same way the double, triple four and five-quantum coherences w
for the spins I = 1, 3/2, 2 and 5/2. The result is given in the table 2.4.1.  
 
 
Table 2.4.1 Double, triple four and five-quantum coherences for the spins I = 1, 3/2, 2 and 5/2, respectively. 
 Quantum Quantum 
ere computed 
Spin Double Quantum 
Triple 
Quantum
Four Five 
2/2 – – ( )τωD2sin  
3 9  
4/2 ( ) ( )[ ]3sin2sin τω+τω ( ) ( )[ ]3coscos τω−τω ( ) ( )[ ]3sinsin3 τω−τω
490 140 14 448
– 
3/2 ( )D2sin5  ( )[ ]2D 1cos40 −τω – – 
2
DD35
3  2
DD40
9  2
DD20
1
5/2 ( ) ( )[ ]2DD 2sin5sin44 τω+τω  ( ) ( )[ ]2DD 3cos5cos231 τω−τω+ ( ) ( )[ ]2DD 2sinsin21 τω−τω ( ) ( )[ ]2DD 2coscos435 τω+τω−
τω
– 
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2.4.2 The numerical simulation 
 
le-quantum (see figure 2.4.2(a)) and triple-quantum (see figure 2.4.2(b)) 
build-up curve for two synthetic 1,4-cis-polyisoprene labelled A and F with different residual 
dipolar coupling reported in reference [Sch1] were performed. For sample A and F H 
residua
Simulation of doub
1
l dipolar couplings are ( ) Hz3072/2/12d =πω , and ( )2/2/12d =πω Hz1141 , respectively. The 
powder average was performed but no effect of transversal relaxation was considered.  
From figure 2.4.2 the triple-quantum build-up curve (b) seems to be more separated 
from each other than the double-quantum curves (a) and from here we can say that the 
triple quantum build-up curves are more sensitive to the change in the residual dipolar 
coupling. Nevertheless, the quantification of this sensibility can be introdu ed. T
be defined by the quantity: 
one 
c he relative 
sensitivity to the residual dipolar couplings as a function of excitation/reconversion time τ can 
( ) ( )
( )τ
τ−τ
A
AF
S
SS ,  
where SF(τ) and SA(τ) are the time dependent signal corresponding to sample A and F 
 points for methyl 
group with effective spin 3/2 for DQ and TQ coherences are presented in figure 2.4.3(a) and 
the relative sensitivity computed from the simulated data points fo
spin 2 for DQ, TQ and FQ coherences are presented in figure 2.4.3(b). In both cases the 
Figure 2.4.2 Simulation of double-quantum (a) and triple-quantum (b) build-up curves using equation described 
i e 2.4.1. Proton residual di lar couplings of two synthetic 1,4-cis-polyisoprene were reported in Reference 
[Sch1] and used for the simulations. For sample A and F 1H residual dipolar couplings are 
   (2.4.20) 
respectively. The relative sensitivity computed from the simulated data
r a quadrupole nucleus with 
relative sensitivity curve of triple-quantum has a higher value than the values of the double-
quantum build-up curve.  
 
a) b)
n tabl po
( ) Hz3072/2/12d =πω
 ( ) Hz11412/2/12d =πω
, 
nd , respectively. a
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Figure 2.4.3 The renormalized relative sensitivity to the residual dipolar couplings defined by the quantity 
methyl group with effective spin 3/2 for DQ and TQ coherences. (b) The simulated data for a quadrupole nucleus 
ity curve of four-quantum has a higher value than the values of the 
triple-quantum curve. All curves of relative sensibility are decaying with the increase of the 
excitation/reconversion time τ.  
In order to be much better compared between them all curves were normalized to the 
value of the curve of DQ for a excitation/reconversion time τ = 0.1 ms. For the spin I = 3/2 
the relative sensibility of TQ is approximately 7 times larger than the relative sensibility of 
DQ at τ = 0.1 ms but only 4 times bigger. For the spin I = 2 time at τ = 0.1 ms the relative 
sensibility of FQ is approximately 16 times larger than the relative sensibility of DQ whereas 
the relative sensibility of TQ is only 4. For a longer time the situation is changed 
dramatically: for a excitation/reconversion time of τ = 0.4 ms the relative sensibility curves of 
higher spin stated have only a insignificant larger value. 
 
2.4.2 The experimental investigation 
 
Sample and method 
 
The investigated elastomer system is based on natural rubber series presented in Appendix 1. 
The NMR experiments were performed at a 1H frequency of 299.87 MHz on a Bruker DMX-
300 spectrometer. Even order multi-quantum build-up curves were recorded with the five-
pulse sequence: 
(SF(τ)-SA(τ))/SA(τ) (see figure 2.4.2) as a function of excitation/reconversion time τ. (a) The simulated data for 
with spin 2 for DQ, TQ and FQ coherences. 
 
The relative sensitiv
( ) ( ) 00000 2xdyy1xx t90t9090t9090 −−−−τ−−−−τ−  [Mun1]. For the case odd-order MQ 
coherences the pulse sequence: ( ) ( ) 20xd0x0y10y0x t90t9090t9090 −−−−τ−−−−τ−  w e 
phas  used for det
as used. Th
e cycling scheme ection of the MQ coherences of the order ±p is described in 
a) b)
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Ref. [Mun1]. The change in phases of the MQ excitation pulses is ∆φ = 2π/|p|, where p = 6. 
The maximum MQ coherences detected in the cross-linked NR series was p = 5. A special 
pulse program was written which enable to produce p separate data files corresponding to 
each step in phase changing which have been processed such that various orders of MQ 
coherences are obtained. A 13 µs 900 pulse, and a 1 s recycle delays were used. The evolution 
time and the z-filter delay were fixed to t1 = 20 µs and τf = 20 µs, respectively. 
 
Results and discussions 
 
1In order to investigate the sensitivity of the MQ coherences to the changes in the H residual 
k is rather complex being extended along the polymer 
hains [Sch1]. The residual dipolar couplings between different functional groups are difficult 
to be e
ach will be presented in the following.  
 
nd 2.4.4(b)). It its obvious from this 
gure that for an arbitrary value of τ = 300 µs taken in the initial regime of the 
verse relaxation can be neglected, the 
ispersion in the signals as a function of crosslink densities increases with the MQ order. This 
ith the quantitative theoretical models discussed above. 
A sensitivity parameter or a contrast factor to the residual dipolar coupling can be 
. The sensitivity parameters evaluated f
 2.4.5 as a function of τ parameter for th
dipolar couplings a cross-linked natural rubber series (cf. Table 1) were measured. In these 
elastomers the proton dipolar networ
c
valuated from first principles. Therefore, a quantitative prediction of the MQ build-up 
curves and their sensitivity to the variation of residual dipolar couplings will not be discussed. 
Nevertheless, an empirical appro
For the cross-linked natural rubber series we have been successful to detect only up to 
four-quantum coherences, which could be related to the use of five-pulse sequence and 
measurements performed at the room temperature. 
 The buildup curves for 1H DQ, TQ and FQ coherences for NR1, NR4 and NR7 
samples are shown in figure 2.4.4. The strength of the FQ filtered signals is about two orders 
of magnitude smaller compared to the DQ signals (compare figure 2.4.4(a) and 2.4.4(b)). 
Moreover, the TQ buildup curves have a relative good signal-to-noise ratio from which 
reliable slopes and fits can be made (cf. figures 2.4.4(a) a
fi
excitation/reconversion, where the effect of trans
d
is in a full agreement w
defined by the ratio (SNR7(τ)-SNR1(τ))/SNR1(τ), which can be evaluated from the MQ buildup 
curves of figure 2.4.4. This quantity depends on the MQ excitation/reconversion parameter τ 
and describes the sensitivity of MQ filtered signals to the changes in the values of residual 
dipolar couplings rom DQ, TQ and FQ buildup curves 
(cf. figure 2.4.4) are shown in figure e initial region of 
the build-up curves. 
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Figure 2.4.4 Prot  rubber samples NR1, 
1H single-quantum 
e residual dipolar 
ouplings was eval
 
 
 
measured MQ build up curves of figure 2.4.4. 
ic for research 
and qu
a) b) c)
on DQ (a), TQ (b), and TQ (c) build-up curves for cross-linked natural
he MQ signals are normalized to the integral intensity of the 
dicates the moment of time τ at which the sensitivity to th
uated (see figure 2.4.5). 
NR4, and NR7 (cf. Table 1). T
spectrum. The dashed line in
c
 
 
 
 
 
 
 
Figure 2.4.5 Sensitivity parameter (SNR7(τ)-SNR1(τ))/SNR1(τ) for DQ, TQ and FQ coherences evaluated from the 
 
The development of the NMR methods which have an increase sensitivity to the 
changes in the residual dipolar or quadrupolar couplings for elastomer systems under various 
internal or external parameters like cross-link density, filers, the presence of penetrant 
solvents, the elongation of compression forces, etc., represents an important top
ality control. The enhancement effect can be exploited in practice only for a limited 
number of multiple quantum coherences. This is due to the adverse effect of the signal to 
noise ratio for high MQ coherences. The trade-off between gain in sensitivity and S/N has to 
be taken into account. 
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2.5 Magnetization transfer by 1H double – quantum two-
dimensional MAS edited spectra 
 
A powerful tool in the investigation of the structure and local chain dynamics of elastomers is 
represented by multidimensional solid-state 1H double-quantum NMR spectroscopy under 
magic-angle spinning (MAS). Because MAS increase the resolution and sensitivity the 
 DQ solid-state NMR spectra for a series of cross-linked 
eries of natural rubber [Gra1]. A direct interrogation of the intergroup residual dipolar 
ouplings can be realized with increase efficiency by a two-dimensional magnetization-
xchange NMR measurement [Dem2]. The investigation of molecular dynamics by this type 
f techniques presents a number of advantages, particularly when dealing with complicated 
in systems [Ern1, SRo1]. The 2D experiments allows for the observation of magnetization 
xchange between the chemically distinct sites that are resolved in the NMR spectrum. For 
xample using 2D exchange NMR the heterogeneous nature of the residual dipolar couplings 
sulting from the constrained chain motion in these system has been elucidated [Sot1].  
The objectives of the present chapter are to investigate experimentally the 
agnetization exchange process between the CH3 – CH2, CH3 – CH CH2 – CH functional 
roups by combining high resolution magic-angle sample spinning with 2D double-quantum 
ectroscopy and chemical shift filter to produce a initial large gradient in localized groups 
agnetization (see figure 2.5.1). At this stage are presented only some experimentally results 
 
e such non-equilibrium is to apply a filter, which must act selectively 
n one or more groups. Since we can distinguish different functional groups by they own 
chemical shift this type of filter is called chemical shift filter. 
dipolar connectivities between the protons of the various functional groups can be directly 
established from the highly resolved
s
c
e
o
sp
e
e
re
m
g
sp
m
that prove the features of the method. 
 
2.5.1 The chemical shift filter 
 
The basic principle of any magnetization exchange experiment is that the magnetization must 
“flow” from a functional group or groups to other. That means that at least one group must 
not be in the thermodynamically equilibrium but in the same time at least one group must 
have a residual magnetization, which via dipolar interaction will be transferred to the rest. The 
simplest way to produc
o
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
igure 2.5.1 a) The scheme of 1H MAS 2D DQ encoded chemical shift filtered magnetization transfer 
f
m
2
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
F
experiment; b) the 2 or 3 pulse sequence for chemical shift filter; c) BABA DQ encoding pulse sequence.  
 
In figure 2.5.1(a) is presented the general scheme of 1H MAS DQ encoded chemical 
shift filtered magnetization transfer experiment. The first bloc with the duration t  represents 
the chemical shift filter. It is followed by a mixing period with a variable duration t  in which 
the magnetization process can take place. The second bloc with a duration tDQ represents the 
2D double-quantum edited spectra. A z-filter with a short duration tz is separating this bloc 
from the acquisition t . 
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igure 2.5.2 a) H MAS spectra at ν = 5 kHz of NR1 after a 90  pulse b) H MAS spectra at ν = 5 kHz of NR1 
after the
300 µs 
 
 In order to test the quality of the filter a series of 1D H MAS spectra were recorded 
(see figure 2.5.2). The H MAS spectrum after a single 90  pulse is presented in figure 
2.5.2(a) for the natural rubber 1 (NR1). In the 1D filtered H MAS spectra the filter bloc 
contain  three  pulses  as can be seen from figure 2.5.1(b). The corresponding filtered 1H MAS  
 
1 0 1
a)
c)
b)
F
 3 pulse chemical shift filter presented in Figure 2.5.2(b) with τCS = 1280 µs and τG = 1 ms and τread = 
; c) 1H MAS spectra at ν = 5 kHz of NR1 after the 3 pulse chemical shift filter presented in Figure 
2.5.2(b) with τCS = 1280 µs and τG = 1 ms and τread = 50 ms. 
1
1 0
1
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Figure 2.5.3 The normalized 1H MAS spectra integral at ν = 5 kHz of NR1 after 3 pulse chemical shift filter 
presented in Figure 2.5.2(b) with τCS = 1280 µs and τG = 1 ms as a function of τread. 
 
spectra of NR1 are presented in figure 2.5.2(b) for τread = 300 µs at the “beginning” of the 
magnetization transfer process and in figure 2.5.2(b) for τread = 50 ms at the “end” of the 
magnetization transfer process. The spinning frequency was in all cases ν = 5 kHz. The 
normalized integrated spectra for all three peaks as a function of magnetization excenge τread 
are presented in figure 2.5.3. At the beginning until τread ≈ 300 µs the value of the integral 
suffer a significant increase. For a relatively large period of time 300 µs – 50 ms remain 
constant and after that is increasing due to longitudinal relaxation. The magnetization process 
start immediately after the chemical shift filter, τread = 0. The study of magnetization transfer 
process will be performed only in the 300 µs – 50 ms time interval due to the Eddy currents 
induced in coil by the pulsed gradient from the chemical shift filter (see figure 2.5.1(b)), 
which are affecting the first period (see figure 2.5.2). 
 
How the chemical filter works 
 
The first 900 pulse is applied on resonance with the choose peak. In our case will be that 
corresponding to the CH3 functional group. This pulse will flip the whole magnetization in the 
transverse plane. During the next free evolution period in the rotating reference frame related 
to the Larmor frequency of the CH3 functional group they magnetization will lie along y axis 
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(supposing that the pulse was applied along x-direction) whereas the CH and CH2 
agnetization start to presses around with a frequency  for the CH 
nctional group and  for the CH
spectrometer. If the duration of the free evolution is judicious choose, as a odd number of 
uarter of spinning period in the rotating frame, then by a flip-back pulse (in this case along –
 direction) the CH3 magnetization is aligned along z direction whiles the CH and CH2 are 
remaining in the transverse plane since are aligned in the same direction with the pulse. A 
hort crusher gradient can then destroy the residual magnetization in the transversal plane (see 
gure 2.5.1(b)). Making a simple computation we can observe that nine quarters of the period 
of the spinning corresponding to CH group are close to a quart of the spinning period of the 
CH2 functional group in the rotating frame on resonance with CH3, i.e.: 
m Hz1732.18CH3CH =ν∆ −
2 functional group at 500 MHz Hz196.532CH3CH =ν∆ −
 
Figure 2.5.4 The 1H double-quantum 2D spectra of NR1 under MAS at ν = 5 kHz without filter a) all intensity 
of the spectra; b) the intensity was modified in order to see the peaks, which belong to CH2 and CH3 and their 
cross peaks.  
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CH CH and CH2 functional 
 
1
Proton double-quantum encoded spectra the recorded with BABA pulse sequence was 
choosed because of an efficient recouping of the dipolar coupling under MAS, [Fei1]. This 
 must ensure a larger filtered out for the 
groups. Indeed the figure 2.5.2(b) is showing that fact. 
 
2.5.2 Two dimensional H DQ encoded spectra 
 
pulse sequences is presented in figure 2.5.1(c). In order to understand the features of the 2D 
DQ encoded experiment such a spectra was recorder without filter. 
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m m
 tm = 2 ms  tm = 5 ms 
g) tm = 10 ms h) tm = 50 ms
a) t  = 300 µs b) t  = 500 µs
c) tm = 750 µs d) tm = 1 ms 
e) f)
Figure 2.5.5 The 1H double-quantum 2D spectra of NR1 under MAS at ν = 5 kHz as a function of mixing time 
tm : a) tm = 300 µs; b) tm = 500 µs; c) tm = 750 µs; d) tm = 1ms; e) tm = 2ms; f) tm = 5ms; g) tm = 10ms; h) tm = 
50ms. 
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The 1H double-quantum 2D spectra of NR1 under MAS at ν = 5 kHz without filter is 
presented in figure 2.5.4. The left side figure present a contour plot for high value of peak as 
well as for smallest value of peaks. Of course, in this case large value of noise is presented in 
the spectra. Some features can be identified in this spectra: 1) on the diagonal appear pecks 
corresponding to the CH2 and CH3 groups since the CH cannot exhibit a DQ dipolar order; 2) 
the inter-groups interactions are represented by “cross-peaks” at the half of the distance in the 
indirect dimension. The second characteristic is well evidentiated in the figure 2.5.4(b), 
because by a graphical suppresion the low values of peaks are no longer present. In this figure 
we can distinguish on the diagonal a large peak corresponding to the CH2 functional group 
and a smallest one corresponding to the CH3 functional group. On the same position in the 
direct dimension (SQ) but at the half of the distance in the indirect dimension (DQ) two cross-
peaks relatively intense are presented (see figure 2.5.4(b)). 
 
 
2.5.3 Chemical shift filtered 2D 1H DQ encoded spectra 
 
In order to produce a large gradient between functional groups magnetizations the chemical 
shift filter (figure 2.5.1(b) composed only by two pulses and gradient) is combined with the 
2D double-quantum encoded spectra presented in figure 2.5.1(c). Such a 2D spectra must be 
recorded for different values of the mixing time, tm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
tm [ms]
Figure 2.5.6 The normalized diagonal peak intensity corresponding to CH, CH2 and CH3 groups as a function of 
mixing time tm. 
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In the figure 2.5.5 such a series of 1H double quantum 2D spectra of NR1 under MAS 
at ν = 5 kHz fore eight values of mixing time tm like: 0.3 ms, 0.5 ms, 0.75 ms, 1ms, 2ms, 5ms, 
10ms, 50ms are presented. During the mixing time the magnetization exchange is taking 
place. As a direct result of this, the diagonal peaks, which are proportional with the initial 
magnetization of the corresponding functional group, suffer a variation in the intensity. These 
dependences of the normalized intensity of the diagonal peaks as a function of mixing time 
are presented in figure 2.5.6 for the CH, CH2 and CH3 functional groups. 
If the figure 2.5.3 shown a constant value for a certain range of 0.3 ms - 50ms of 
mixing time of the integral 1D spectra over all three peaks the sum of the intensity of the 
diagonal peaks present a decay with the increase of the mixing time. Then the supplementary 
magnetization must be retrieved into a corresponding increase in the intensity of the “cross-
peaks”. This is a clear indication of the fact that the magnetization transfer process is taking 
lace and can be detected. In the future for a proper data interpretation a corresponding theory 
ust be developed. 
Figure 2.5.7 The 1H spectra of NR under MAS at ν = 5 kHz for (a) NR2; (b) NR3; (c) NR4; (d) NR5; (e) NR6; 
(f) NR7;  
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e objective is the study of the different dipolar connectivities between 
different functional groups for a series of cross-linked elastomers (see the 
dwidth of peaks presented in figure 2.5.7) using the magnetization transfer 
antum two-dimensional MAS edited spectra method as is shown in figure 
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2.6 Self-Diffusion Anisotropy of Small Penetrants in 
Compressed Elastomers 
 
Investigations of molecular self-diffusion provide important information on molecular 
organization and interactions with the environment in many systems. In the last few years the 
study of anomalous diffusion in complex systems has become a most attractive subject to both 
fundamental and applied research [Kär1, Cal1, Kim1]. The deviation from ordinary diffusion 
due to the presence of internal boundaries in polymer solutions, melts, and solid samples has 
been investigated using the pulsed gradient spin echo (PGSE) method (see figure 2.6.1 [Kär2, 
Mee1]).  
A well-known consequence of the theory of rubber elasticity is bond orientation [Tre1, 
rm1]. Deformation of an elastomer induces anisotropy of the backbone bonds of the polymer 
oil. In recent NMR studies of rubber elasticity the mechanism of deformation and the 
rientation of network chains has received increasing attention. One and two-dimensional 
MR spectroscopy of 2H and 1H has been used intensively in the last decade to measure the 
ipolar correlation effect, homonuclear and heteronuclear residual dipolar couplings, and 
orresponding dynamic order parameters [Coh1, Col1, Dem1, Del1, Sot1, Brer1, Cal1, Lit1, 
Fec2]. Moreover, a study of diffusion of penetrant molecules in highly stretched cis-
polyisoprene has shown that the self-diffusion coefficients, D are essentially isotropic and 
longation independent [Mee2]. The aim of this study is to report the existence of diffusion 
nisotropy of a small penetrant molecule in a compressed polymer network. 
 
 
 
E
c
o
N
d
c
e
a
 
 
 
 
 
 
 
 
Figure 2.6.1 Pulsed Gradient Stimulated Echo (PGSE) pulse sequence used in the determination of self-
diffusion coefficient. 
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2.6.1 Measurements.  
R experiments were performed at a 1H
 
The NM  frequency of 200.025 MHz on a Bruker DSX-
00 spectrometer. The diffusivity of toluene swollen in NR samples was measured with the 
2.6.2 B
2
pulse gradient stimulated echo (PGSE) method [Cal1, Kim1] (see figure 2.6.1). The 900 pulse 
length was 13.5 µs and the recycle delays 1 s. The maximum strength and duration of the 
gradient pulses were 0.474 T/m and 1 ms, respectively. The gradient strength was changed in 
64 equidistant steps. Diffusivities of toluene molecules were measured for two gradient 
orientations parallel (z direction) and perpendicular (x direction) to the static magnetic field. 
The uniaxial compression was applied parallel to the z direction.  
 
asic theory of self-diffusion in elastomers 
 
The diffusion of light penetrant molecules in elastomers is a topic of long standing interest 
[Mee1] (and references therein). It was shown that for small solvent molecules both 
transverse relaxation time and diffusion coefficient are sensitive measures of the free volume 
and its changes with filler content [Mee3]. A free-volume theory of mass transport has been 
developed by Vrentas and Ventras [Ven1] for predicting the solvent self-diffusion coefficients 
for rubbery polymer-solvent systems. For these systems, the solvent self-diffusion coefficient 
D, can be determined using the following equation: 
( )

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*where D0 is a pre-exponential factor, and E  is related to the energy per mole that a molecule 
eeds to overcome attractive forces which hold it to its neighbours. The parameter is the 
pecific hole free volume of component i=s (solvent) and i=p (polymer) and cs
oncentration of solvent in the system. The quantity  is the average whole free volume 
er unit mass of the mixture and γ represents an average overlap factor, which is introduced 
ecause the same free volume is available to more than one jumping unit. One can write 
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where γi (i=s, p) represents the overlap factor for the free volume of pure component i.  
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Figure 2.6.2 Normalized amplitude of stimulated echo decays of toluene in NR4 for a diffusion time of ∆ = 1s 
ly with increasing of cs, and this curve is 
characterized by 
and uniaxial compression by λ ≈ 0.43. The diffusion measurements were made with Gx, and Gz gradients of the 
same strength. 
 
The quantities Kss and Ksp are free-volume parameters for the solvent and Kpp and Kps 
are free-volume parameters for the polymer. In Eq. (2.6.2) T is the temperature and Tgi is the 
glass transition temperature of the pure component i. The functional form of the solvent 
concentration dependence of the diffusion coefficient D is rather complex (see Eq. (2.6.1)). 
The diffusion coefficient will increase monotonical
( ) 0cDln s >∂∂  and ( ) 0cDln 2s2 <∂∂  (negative curvature). This behaviour is 
shown, for instance, by toluene imbedded in polystyrene [Ven2] and also for our data (see 
 of the pulsed gradient: 
below). 
 
 
2.6.3 Results and Discussion.  
 
The normalized intensity E(q)/E(0) of the stimulated echo is a decay function of the reciprocal 
space vector q = γGδ, where γ is the gyromagnetic ratio, G is the gradient strength and δ is the 
duration
( )
( ) 


 

 δ−∆δγ−=


 

 δ−∆−=
3
DGexp
3
Dqexp
0E
qE 2222   
um in 
uniaxial compressed NR4 for a compression ratio λ ≈ 0.43, a diffusion time ∆ = 1s, and two 
orientations of the magnetic field gradient.  
(2.6.3) 
These decays shown in figure 2.6.2 were measured for toluene swollen at equilibri
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Figure 2.6.3 Normalized amplitudes of stimulated echo decays measured for the natural rubber samples NR1, 
R4 and NR7 for a diffusion time of ∆ = 1s. The diffusion measurements were made on the samples swollen in 
toluene using a) Gx and b) Gz gradients along the x and z direction under uniaxial compression along z-direction. 
tations depend on the cross-link density as shown in figure 2.6.3. The effective 
diffusion tensor components, i.e. Dii (i = x, z), can be obtained from an exponential fit in q2 of
the stim
vation of sel sion anisotropy
y as a function of the cross-link density a series of measurements of the self-
iffusion coefficients of toluene into a series of cross-linked natural rubber without 
ompression was performed. The result is presented in figure 2.6.4. The shape of the function 
sion coefficient on concentration is similar to those 
resented by Vrentas and Vrentas in reference [Vre1] although in they case the concentration 
was the variable but in our case this concentration is about the equilibrium and the cross-link 
of the polymer was modified. This values are bigger than those obtained in the case of the 
endence of the diffusivities Dxx and Dzz on the equilibrium 
concentrations cs of toluene in the NR samples of a cross-link series (see Appendix 1) is 
shown in figure 2.6.5(a). It is evident that the anisotropy of the effective diffusivity defined by 
aD=(Dxx−Dzz)/Diso, where the isotropic value is Diso = (2Dxx+Dzz)/3, increases with the cross-
link density (see figure 2.6.3(b)).  
a) b)
N
 
 A small diffusion anisotropy is observed. The stimulated echo decays for the x and z 
gradient orien
 
ulated echo using equation 2.6.3. The experimental data together with the fitting 
[Kär1, Cal1, Kim1] curve are shown in figure 2.6.3. Comparing the figure 2.6.3(a) with (b) 
we can observe that for a gradient applied along z-direction the normalized intensity E(q)/E(0) 
decays faster. This is an expected result since the force was applied along this direction and in 
consequence the polymers free volume is shrink in this direction.  
The obser f-diffu  of small penetrants in compressed 
elastomers represents an original results. In order to separate the effect of compression on the 
anisotrop
d
c
of the dependence of the self-diffu
p
compressed elastomers. The dep
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an be described by [Kär1]: 
 
Figure 2.6.4 Self-diffusion coefficient of toluene after 2 hours of swallowing inside of a natural rubber series as 
a function of concentration. 
 
The dependence of the diffusivities Dxx and Dzz on the compression ratio λ for toluene 
in the NR4 samples is shown in figure 2.6.5(c). The corresponding dependence of diffusion 
anisotropy aD is shown in figure 2.6.5(d). The anisotropy increases from “theoretically zero” 
for unstrained polymer to six percents from the isotropic value, Diso when the compression 
ratio is changed by 50%. 
The dependence of Dii (i = x, z) on the diffusion time ∆ measured for the sample NR4 
is presented in figure 2.6.5(e). An anomalous dependence can be observed for smallest value 
of diffusion time ∆. The dependence of such anomalous diffusion c
( ) kD ∆∝∆       (2.6.4) 
The anomalous diffusion effect presents also a very small anisotropy described by two closed 
value of constant k: kx = 0.951± 0.002 and kz = 0.940± 0.003 for x and z-direction, 
respectively. In the limit of the experimental errors the diffusion coefficients are independent 
of ∆ in the range from 0.5 s to 1.5 s. The dependence of diffusion anisotropy aD on the self-
diffusion time ∆ is shown in figure 2.6.5(f). The anisotropy is increasing approximately three 
times from a very smallest ∆ ≅ 100 µs to a value of ∆ = 1s. 
The displacement probabilities or propagators [Kär1, Cal1, Kim1] of toluene 
molecules diffusing in the uniaxial compressed samples NR1, NR4, NR7, were obtained for ∆ 
λ ≈
 
= 1 s and   0.43 after Fourier transformation of the decays shown in figure 2.6.3(a) (see 
figure 2.6.6(a)). The anisotropy of the propagators is investigated by the data shown in figure 
2.6.6(b) for sample NR4 and compared with the propagator measured for the sample at rest.  
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Figure 
solvent s
magnetic field and the compression ratio was   0.43. (c) The anisotropy aD as a function of . 
2.6.5  (a) Effective diffusivities Dxx (closed symbols) and Dzz (open symbols) of toluene versus the 
equilibrium concentration c  for the NR samples of Table 1 from Appendix 1. (b) The diffusion tensor 
anisotropy aD as a function of cs. The compression force was applied along the z direction parallel to the static 
λ ≈ λ
 
For all the cases the shape of the propagators was found to be satisfactory well approach by a 
Gaussian. This is consistent with other cases of self-diffusion [Kär2]. 
a) b)
c) d)
e) f)
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a) b)
Figure 2.6.6 (a) The displacement probabilities of toluene in the natural rubber samples of Table 1 under 
uniaxial compression for λ ≈ 0.43 measured in x direction, orthogonal to the direction of compression. (b) The 
displacement probabilities of toluene in NR4 for uniaxial compression (λ ≈ 0.43), and λ = 1. 
 
A small diffusion anisotropy of the order of 10% was detected for toluene molecules 
in cross-linked natural rubber samples. This mainly reflects the deformation of the free 
volume under the compression. The anisotropy increases with the cross-link density and 
compression ratio and with the decreasing of the diffusion time ∆. This quantity remains 
approximately constant for the range of diffusion times investigated.  
The diffusivity is isotropic for the solvent concentration much lower than the 
equilibrium value in agreement with data presented for example in chapter 4.5 [Fec10]. A 
quantitative interpretation of the diffusivities is complicated by a complex strain distribution 
in the sample. The fractal structure of the polymer network is not detected to become 
anisotropic under deformation. A more detailed investigation of this matter will be conducted 
in the future. For example rod-like solvent molecules in the polymer network are enhancing 
the diffusion anisotropy up to 30-40 percent from isotropic value, Diso, for hexane, heptane or 
decane swallowed in NR4 [Fec17]. Work along this line is in progress. 
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2.7 Single-scan PGSE measurements of self-diffusion 
coefficient 
 
2.7.1 Review of the single-scan self-diffusion measurement 
 
In the last years an increased tendency to design pulse sequences to reduce the duration of 
multidimensional type of NMR experiment is taking place. Frydman and coworkers were able 
to acquire multidimensional NMR spectra within a single scan [Fry1], by employing a 
le-shot method 
for measuring diffusion based on a series of gradient recalled echoes [Gel1]. The method 
consists of a simple spin-echo experiment during which a series of gradient echoes is created 
by alternation of the diffusion gradient. The total diffusion curve can be acquired within a 
single scan because an additional pair of gradients attenuates each subsequent gradient echo. 
Loening, Keeler and Morris were proposing a new single one-dimensional experiment, 
py (DOSY) [Loe1]. In 
conventional DOSY experiments, the diffusion coefficient is measured by acquiring a series 
of one-dimensional spectra with different amounts of diffusion weighting. The variation of 
coefficient along one axis and the chemical shift along the other. The same information can be 
founded in the experiment proposed by Keeler and coworkers [Loe1], in which a nonuniform 
peaks in the chemical shift dimension. Recently, they have propose other fast method for the 
measurement of diffusion coefficient based also on the one-dimensional DOSY [Thr1]. The 
principle of the method is to introduce a spatial variation in the parameters of a conventional 
pulse sequence, so all the scans required to determine some physical parameter can be 
recorded simultaneously from different parts of the sample. 
The major drawback of relatively long recording times needed to acquire the spectra in 
DOSY experiment was overcome by applying a DIFFTRAIN pulse sequence [Sta1]. The 
sequence assumes stimulated echo attenuation, multiple and low flip angle excitation and 
multiple sampling of the FID during the longitudinal storage. The Difftrain use successive 
stimulated echoes from a single excitation pulse where a portion of the available 
magnetic field gradient in order to spatially encode the time evolution occurring along the 
indirect dimension. Ten years ago van Gelderen et. all was presenting a sing
which provide the same information as diffusion-ordered spectrosco
the intensity peaks between different spectra will determine the diffusion coefficient. It is 
possible to generate a two-dimensional representation of the data with the estimated diffusion 
magnetic field gradient is used to encode the diffusion information into the line-shapes of the 
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magnetization is recovered for each echo, is used to measure self-diffusion coefficient by 
varying the observation time. The method was successfully used to record the droplet size 
distribution of an oil-in-water emulsion in less than 4s or to produce displacement distribution 
ropagator) of water flowing through a packed bed [Buc1]. 
g the self-
diffusion coefficient using the so-called “Burst” pulse sequence [Dor1]. The sequence is 
We are
 
 
(p
Doran and Décorps are proposing a robust, single-shot method for measurin
based on the creation of a train of Hahn echoes from a series of low-flip-angle radiofrequency 
pulses applied under a gradient. An exact treatment of diffusion in a uniform gradient for a 
series of long stream of radiofrequency pulses (steady state free precession) is given by 
Hürlimann and coworkers in reference [Fre1]. Recently Kiselev is giving a method based on 
numerical calculation of diffusion effect for arbitrary pulse sequences [Kis1]. 
 
 
2.7.2 The BURST-PGSSE pulse sequence 
 
 proposing a new method of the determination of the self-diffusion coefficients. This 
method combine the “single-shot” no time consuming of “Burst” pulse sequence [Dor1] with 
the advantage of variable diffusion time offered by classical pulsed-gradient stimulated spin 
echo (PGSSE) method of Stejskal and Tanner [Ste1]. The pulse sequenced, presented in 
figure 4.7.1 consists of a train of low-flip-angle radiofrequency pulses applied under a 
constant gradient like in the “Burst” sequence but producing a train of stimulated echoes like 
in PGSSE method. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7.1 The chart of single shot PGSSE pulse sequence 
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The major difference from the “Burst” sequence is the fact that the refocusing pulse 
[Dor1] vas replaced by two 90 pulses to ensure the appearance of a series of stimulated 
echoes. The total duration of burst pulse must be smallest than τ2 (see figure 4.7.1) because a 
superposition of these stimulated echo with secondary Hahn echoes is not desirable. The 
small-angle approximation [Ern1, Dor1] must be used to describe theoretically the diffusion 
encoding of each echo. Also the effect of transversal relaxation must be considered: 
( ) ( ) ( )
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The constant A(i) takes into account the echo encoding due to the pulse sequence and the 
effect of longitudinal magnetization. 
 If we are defining the following variables: 
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he equation 4.7.1 can be rewritten as: t
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( ) { }2
which is similar with those used in the PGSSE case [Cal1].  
 As is propo
 In the last equation if ∆’ >> 2iδ/3 then the encoding with diffusion can be written as: 
( ) 'DGiexpE 22i ∆δ⋅γ−∝ ,     (2.7.4) 
sed until now the single-scan Burst-PGSSE assumes to know the 
ansversal relaxation time, T2. Performing two experiments with two different gradients and 
en making the ratio for the same echo we can surmount this drawback: 
tr
th
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.7.3 The conditions for a linear response of the spin train to the 
urst-pulse train 
he linear response of the spin train to the burst-pulses train is equivalent to say that the 
ansverse magnetization from each radiofrequency pulse evolves under diffusion in the same 
ay as that created in a normal, single-pulse spin echo experiment. Or the attenuation of the 
th echo is produces uniquely by the (n-i-1) pulses. Doran and Décorps were given two 
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conditi
 200 to α 
= 20. In each figure the first peck represents the FID after the last 900 pulse. As the angle α 
became smallest the intensity of the signal decay and the signal-to-noise-ratio became higher. 
. 
cays of water after a single scan using the 
Burst-PGSSE pulse sequence for the α pulse of 3.60 for different value of z gradient from 0.2 
% to 0.06 %. For the smallest values of gradients 0.04-0.08 % (see figure 4.7.3(d), (e) and (f)) 
the echoes are broaden with a smooth shape.  
Figure 2.7.2 The 16 echoes decays of water after a single shot Burst-PGSE pulse sequence in the presence of a 
0.2428 G/m z-gradients for τ2 = 100 ms and different value of α pulses a) α = 200; b) α = 100; c) α = 50; d) α = 
20. The first peck represents the FID after the last pulse. 
 
ons that must be fulfilled for that: 1) The elementary pulses must have a low flip angle 
(α) and the total angle nα << π/2 and 2) in order that the echoes do not overlap the A(i) must 
be a rapidly decaying functions [Dor1]. 
 The effect of the flipping angle α on the echo decay was studied. In figure 2.7.2 are 
presented the 16 echoes decays of water after a single shot Burst-PGSSE pulse sequence in 
the presence of a 0.2428 G/m z gradients for different value of α flip pulses from α =
Nevertheless, the linearity in the spin response is increase and can be observed in figure 2.7.2 
by a smooth decay of the echoes train
In figures 2.7.3 are presented 16 echoes de
a) b)
c) d)
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Figure 2.7.3 The 16 echoes decays of water after a single shot PGSE pulse sequence for the α pulse of 3.60 for 
different value of z gradient: a) Gz = 0.2428 G/m (0.2 %); b) Gz = 0.1457 G/m (0.12 %); c) Gz = 0.1214 G/m (0.1 
%); d) Gz = 0.0971 G/m (0.08 %); e) Gz = 0.0728 G/m (0.06 %); d) Gz = 0.0486 G/m (0.04 %). The first peck 
represents the FID after the last pulse 
 
For a largest gradient 0.1-0.2 % almost every echo can be considered independent of 
the rest of echoes. In the same time due to the gradient the shape of the echoes is affected. 
Other characteristic of the echoes train is the unexpected behavior of the latest echoes, which 
presents an increase in amplitude with the increase of the echo number. The decay due to 
diffusion and to transversal relaxation is bigger from one echo to the next one. The 
a) b)
c) d)
e) f)
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explanation consist in the fact that the last echo is produced by the first flipping pulse from 
the “Burs” train so the amount of magnetization, which was lying along z-direction is 
maximum. Each pulse is tipping a part of this residual magnetization and the amplitude of the 
corresponding echo is smallest. In order to see more clearly this effect a simulation was 
performed for a series of 32 burst pulses in inhomogeneous magnetic fields. No effect of T2 or 
diffusion was considered. This simulation is presented in figure 2.7.4. From this simulation 
we can see that after the last pulse from the burst train an echoes appears. This will leads to 
the appearance of a stimulated echo (the very firs stimulated echo from the train of echoes in 
the figure 2.7.4) after the last 900 pulse (the large stick in figure 2.7.4). The second echoes 
spond to the last pulse and has large am ude. With the increasing of the number of 
echoes the amplitude starts to decay until a minimum is reach. From this minimum the 
amplitude start to grow again and so one, presenting an oscillatory behavior. After the echoes 
train due to burst pulses a series of smallest echoes can be evidentiated as simulation shown in 
figure 2.7.4 and as is possible to be seen in experimental data presented in figure 2.7.3. 
In order to extract the self-diffusion coefficient the ration between two experiments 
presented in figure 2.7.3 must be performed. The result of such division is presented in figure 
2.7.5(a). The experimental points can be fitted with the equation 2.7.5, which is a straight line 
in , with : 
corre plit
( ) πδ−∆δγ= 2/3/i2'Giq 22222 222 GGG −=eff 21eff
( )( )
( ) exp
GE
i
1
i
= .         (2.7.6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7.4 Simulation of a single shot PGSSE pulse sequence in the presence of inhomogeneous magnetic 
fields. 
( ) { }Dq4GE 222 π−
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a) b)
Figure 2.7.5 Measurement of self-diffusion coefficient of water a) “single shot” PGSSE b) classical PGSSE for 
∆≅0.5 s 
 
The value of self-diffusion coefficient was fond to be D = (2.09 ± 0.1)×10-9 m2/s for a 
ratio between figure 2.7.3(a) in which the value of gradient was Gz = 0.2428 G/m and figure 
2.7.3(d) in which the value of gradient was Gz = 0.0971 G/m. Depending on which two sets of 
measurement represented in figure 2.7.3 were considered the value of self-diffusion 
coefficient was found to be in the range of 1.5×10-9 – 3×10-9 m2/s. In comparison with a 
classical PGSSE pulse sequence recorded with the same number of scans (see figure 2.7.5(b)) 
the noise is larger and the data present some oscillations probably due to different influence of 
the neighbor echoes for different value of the gradient. 
Sometimes in the diffusion experiment, but not only here, in order to improve the 
signal to noise ratio is necessary to add more experiments (to increase the number of scans). 
The large time consuming is the waiting time for the sample to be repolarized called time for 
recycles delay, TRD, which usually must be of the order of 5T1. For liquids this time can be 
very long. For example T1 for water is 3s then a normal TRD = 15s. This is a long time to wait 
for the sample to be polarized. One solution is to reduce the time for recycle delay and to add 
more measurements. This problem can be studied very easy numerically. The result of such a 
study is presented in figure 2.7.6 for a classical PGSSE pulse sequence in which the pulses 
e value of angle α of pulses in PGSSE was changed from 200 
to 1000. 
A C++ program was written to study this problem. Into an iterative way the 
amplitudes of the stimulated echoes are added for many scans. The amplitude of stimulated 
echo is proportional with the magnetization which was recovered in a given recycle delay 
time from the last measurement and is also dependent on the angle α. 
can have a tipping angle α. The time for recycle delay was varied in steps from almost zero to 
30 s and for each value of TRD th
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three pulses in classical PGSE self-diffusion experiment and recycle delay time. The maximum of the merit 
function was found for an angle α = 88  and a recycle delay time of TRD = 0.737 s. 
 
 
 
 
 
 
 
Figure 2.7.6 The 2D representation of the merit function (accumulated signal) as a function of angle α of those 
0
RD
. By choosing a recycle dela 37 s the value of total signal is approximately double 
than in the casa of a recycle delay of 15s and the theoretically signal-to-noise ratio (which is 
proportional with the number of scans) is increased from 15.5 corresponding to 241 scans 
with TRD = 15s to 65.5 corresponding to 4291 scans with TRD = 0.737s. 
A new method of fast measurement of self-diffusion coefficient, which is combining 
the “Burst” pulses proposed by Doran and Décorps and PGSE proposed by Stejskal and 
Tanner. The advantage in comparison with the “Burst” sequence is the fact that is using a 
train of stimulated echoes and then the diffusion time can be with several orders of magnitude 
longer. This longer diffusion time allows to molecules to collide with the walls, for example 
in porous media or for small penetrants in elastomers making possible to study their 
properties. 
 
The simulation shown that the optimal recycle delay for a total measurement of 1 hour 
is T  = 0.737s which is 20 times less than the classical 15 s. The optimal angle of the pulses 
was found to be 880, which is this time very close to the 900, so there is no point to change 
this y of 0.7
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 Study of collagen fibers of Achilles 
tendons by multipolar spin states NMR 
.1 Anisotropy of Collagen Fiber Orientation in Sheep 
Tendon by 1H Double-Quantum-Filtered NMR 
About 
e macroscopic tendon 
to the 
 
 
 
 
 
Figure 3.1.1 Human Achilles tendon (a) MRI imaging (b) schematic representation [Www2]. 
 
3
 
3
Signals 
 
one quarter of all of the protein in our body is collagen [Www1]. Collagen is a major 
structural protein, forming molecular cables that strengthen the tendons and vast, resilient 
sheets that support the skin and internal organs, or adding mineral crystals to collagen makes 
bones and teeth. Collagen provides structure to our bodies, protecting and supporting the 
softer tissues and connecting them with the skeleton (see figure 3.1.1).  
The tendons like most biological tissues possess some degree of order. In the figure 
3.1.2 (a) is presented the hierarchical structure of such a tissue, from th
microscopic collagen fibril, which in spite of its critical function in the body is a 
relatively simple protein. Collagen is composed of three chains, wound together in a tight 
triple  helix.  Each chain is  over  1400  amino  acids  long  (in  figure 3.1.2 (b) are shown only  
 
 
 
 
a) b) 
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Figure 3.1.2 (a) Hierarchical structure of a tendon [Kas1] and (b) the constituents of the triple helix of collagen 
fibril [Www1]. 
 
about 20). A repeated sequence of three amino acids forms this sturdy structure. Every third 
amino acid is glycine, a small amino acid that fits perfectly inside the helix. Many of the 
remaining positions in the chain are filled by two amino acids: proline and a modified version 
of proline, hydroxyproline. 
In ordered tissues, where the molecular motion is anisotropic, dipolar and quadrupolar 
interactions are not averaged to zero. In such cases homonuclear and heteronuclear multiple-
quantum (MQ) coherences can be formed. These coherences give information about sodium 
ions in intact biological tissues and the effect of the anisotropic motion of the water 
molecules, suppressing the intense signal of free water, and. Therefore, the observation of 
MQ coherences represents a convenient approach to investigate local and macroscopic order 
in a variety of tissues.  
In collagen-containing tissues such as tendons, ligaments, cartilage skin, blood vessels 
and nerves DQ coherences are formed as a result of the interaction of water molecules with 
the collagen fibers. Therefore, the orientation of the macromolecules induces an anisotropy in 
the residual dipolar couplings. Moreover, such anisotropy can also be observed by the 1H 
residual dipolar couplings of the macromolecules in another class of soft solids like strained 
elastomers [Dem1, Fec2]. 
 The anisotropy of the residual dipolar couplings in tendon are related to the tightly 
bound water molecules, which penetrate the interstitial volume of the triple-helix and are 
fixed by two hydrogen bonds. These water molecules can rotate about the axis defined by the 
two bonds so that the time average of the internuclear vector and with it the principal axis of 
the dipole-dipole coupling tensor is aligned along the rotation axis. There are a number of 
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dynamic processes that result in the observed residual dipolar interaction [Nav1, Dem1, Fec2, 
Eli1]: i) Anisotropic reorientation of the water molecules bound to the protein. The time scale 
f this motion is typically 10-10 – 10-7 s; ii) Fast chemical exchange between the molecules of 
betwee s 
moves r 
ater molecules, thus replacing the proton which has been in a up (or down) spin states with 
another proton in the opposite spin state. This process also averages the intra-proton dipolar 
 
measure the orientation distribution of the collagen fibrils in tendon. Unfortunately, signals 
from the free water and proteins are interfering with the signal from the bound water, and also 
e magnetic field inhomogeneities present made the measurements of second moment 
bile universal surface 
explore
 the secular approximation the dipolar Hamiltonian describing the intramolecular interaction 
f rig o spin- ½ pairs is given by: 
o
bound water and free water on a time scale shorter than 10-9 s. This process scales down the 
residual dipolar interactions from their values in the bound states; iii) Proton exchange 
n water molecules on time scale between 10-4 and 10-3 s. As the water molecule
from between the bonded to and the free state it can exchange proton with the othe
w
coupling. 
The first NMR study by Berendsen [Brer1] used the 1H van Vleck second moment to 
th
inaccurate. Fullerton et all [Ful1] provided the first observation of the contrast anisotropy in 
magnetic resonance imaging (MRI) which was identified as the same effect reported in 
hydrated collagen [Brer1]. The orientational anisotropy of T2 and other NMR parameters was 
shown to be correlated with the underlying geometrical structure of the ordered tissues [Hen1, 
Pet1, Xia1]. Recently it was demonstrated that the NMR-MOUSE (mo
r) a hand-held NMR sensor, can be employed to investigate the anisotropy of T2 in 
Achilles tendon in vivo [Hak1]). 
 
3.1.1. Multipolar spin states in the limit of slow proton exchange 
 
In
o id tw
( ) ( ) ij0,2ij2ijd TˆcosDP6ˆ β−=H ,     (3.1.1) 
here the dipolar coupling constant ( ) ( )3ij20 r/14/D hγπµ=
 ijr
r . The angle ijβ
ijr
r  and the direction of the main magnetic field 0B
r
dre )(cosP ij2 β , and ij0,2T
 with spin quantum
w  of the spin pairs ij depends on the  
istance between the water protons,d  is the angle between this internuclear 
ector  (cf. Fig. 3.1.3). The second-order 
egen polynomial is denoted by 
v
L  is an irreducible tensor operator. The 
equivalent spin operator for a quasi-particle  number F=1 is given by 
ij
0,20,2 T2T =  [Kim1, Bow1]. 
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Figure. 
The z-ax
 
 
 
 
 
3.1.3 Angles and reference frames used for describing the anisotropy of the residual dipolar couplings. 
is of the laboratory reference frame (denoted by the unity vector Zˆ ) is parallel to the direction of the 
static magnetic field B
r
. The z-axes of the tendon plug and collagen fibril are denoted by Zˆ  and Zˆ , 
respectively. The spin pair ij is characterized by the internuclear distance ijr
r
 and the polar angle βij. 
 
The dipolar coupling between spin pairs is averaged on the time scale of the NMR 
experiment which results from the reorientation motion of the bound water as well as from the 
chemical exchange betw
L
0 T F
een free and bound water molecules [Nav1, Dem1, Fec2, Eli1]. The 
time scale of our NMR experiments is of the order of excitation / reconversion times, i.e., of 
about 0.1 ms – 1 ms. As a result of this partial motional averaging the axis of the dipolar 
tensor is oriented on average along the collagen-fibril direction, which defines the local 
director having the angle β with the direction of 0B
r
 and the angle β~  with the axis of 
symmetry of the tendon plug (cf. figure 3.1.3). It is assumed that the distribution of collagen 
fibrils around the axis of tendon is uniaxial, so
specified in terms of a single angular variable 
 that the orientation distribution can be 
. Using equation 3.1.1 the averaged β~
( ) 0,22d TˆcosDSP3ˆ β


−=H .    (3.1.2) 
Hamiltonian of the spin pair is given by 
2
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This residual dipolar Hamiltonian depends on the dynamic order parameter ( )( )tcosPS ij2 β= , 
where the bar denotes an ensemble average over the instantaneous angle ( )tijβ  (see figure 
3.1.3) [Eli1, Eli2, Sch1]. To simplify the notation equation (3.1.2) is rewritten as 
0,2dd T
ˆ ω=H ,      (3.1.3) 
where dω  is the residual dipolar coupling which includes the angular anisotropy. The effect 
of very slow hydrogen exchange can be considered to be present in the value of the dynamic 
order parameter. 
 The spin system response to the five-pulse sequence used for DQ excitation (figure 
3.1.4) can
ˆ
 easily be evaluated in the density matrix formalism. The initial state of the spin 
stem
is the Curie constant and , is the irreducible tensor operator given by the z component 
sy  is described by the thermodynamic equilibrium density operator ( ) TˆC0 ∝ρ  where C 
z0,1
ˆ
Fz of the total spin of the spin- ½ pair. Finally, by employing the specific irreducible tensor 
operator algebra [Bow1] for the density operator describing the spin pairs at the end of the 
DQ excitation period (see figure 3.1.4) we can write 
( ) ( )




 τω+


 τω−∝τρ aTˆ
2
3siniTˆ
2
3cosC 2,2d0,1d ,   (3.1.4) 
where the last term describes the DQ coherences represented by the antisymmetric irreducible 
tensor operator ( ) ( )( )TˆTˆ2/1aTˆ −=  [Bow1]. The selection of the DQ coherences by 
0,1
FT =
 

2,22,22,2 −
phase cycling and considering a short evolution of these coherences during the period t1 leads 
 the DQ density operator 
 
 
 
 
 
quantum (M tion, reconversion, z-filter, and detection periods are denoted by, and , 
respectively. 
to
 
 
 
 
 
Figure 3.1.4 The five-pulse sequence used for measuring double-quantum build-up curves. The multiple-
Q) excitation, evolu 2t
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( ) ( )aTˆ
2
3sinCit 2,2d1DQ 


 τω∝τ+ρ .    (3.1.5) 
ipolar encoded longitudinal magnetization decay curve 
 the case of spin- ½ pairs the evolution of longitudinal magnetization in the five-pulse 
equence versus τ is dipolar encoded [Ful1]. The DELM signal is given by 
D
In
s
( ) 


 τ−


 τω∝τ
eff,2
d
2
DELM T
2exp
2
3cosS ,   (3.1.6) 
here the effective decay time of the SQ during the excitation and reconversion periods is 
2,eff. This quantity is also orientation dependent [Fec2]. The average of
w
 dω
 ( )...
, and of T2,eff over 
e orientation of collagen fibers is denoted by
T
th .  
For short dipolar-encoding times, i.e. for  1d <<τω , and  equation 3.1.6 
becomes 
*
2T2 <<τ
( ) 222
2
31 τω−∝τ dDELMS .    (3.1.7) 
This relationship shows that the intensity of the filtered signal is decaying with an 
t the end of the reconversion period the DQ term of the density operator is converted to z 
polariz
initial slope related to the residual dipolar couplings. 
 
The Double-quantum build-up curve. 
A
ation and single-quantum coherences. For a z - filter with duration large enough to 
dephase single-quantum coherences and short enough to avoid magnetization transfer to free 
water and protein [Eli2] the normalized NMR signal is given by 
( )



 τ



τ++τ+τ
*
2
d
SQ T
2exp
2
3sin
0S
tS
,   (3.1.8) 
where the integral intensity of the single-quantum (SQ) spectrum corresponding to bound 
water is denoted by SSQ(0). The effective decay tim of SQ coherences, which are present 
during the excitation and reconversion period is *2T . This quantity is also orientation 
dependent [Ful1, Pet1]. Their orientation average over the collagen fibers is described by 
( )...  and is discussed in detail below. 
 For an arbitrary radio-frequency t
( ) Ω
− τω= 21fDQ
e 
Ω
ilt angle θrf the right hand side of the equation (3.1.8) 
has to be multiplied by the function ( ) ( )( rf2 2,1rf ddf +θ=θ
reduced Wigner matrix element. For θrf  = 900 we get f(θrf ) = 1. 
( ))2rf2 2,1 θ−  with ( )rfl m,md θ′  being the 
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 The DQ build-up curve described by equation (3.1.8) can be easily evaluated in the 
initial DQ excitation regime, i.e., for 1d <<τω  and *2T2 <<τ . From equation (3.1.8) we get: 
( )
...3
tS 221fDQ +τω≈τ++τ+τ   .  ( ) 20S dSQ Ω (3.1.9) 
The above equation can be also obtain if the proton exchange is taken explicitly into 
account in the process of DQ coherences excitation and reconversion in the limit of very slow 
proton exchange, i.e. for dk Ωω<<
Ω
2/12 , where k is the sum of the forward and backward 
proton exchange rates [Eli1]. For a less restrictive condition, i.e. 6k
2/12
d <ω , the 
excitation/reconversion time τ is given by [Eli1]: 
( ) τ−
Ω
τ−ωτ+τ k2*T/
2
2
SQ
1DQ
r0S
S
where 221 k6r −ω= . For connective and soft tissues the condition *T<<τ  is easily 
*
dependence of the integrals of the measured spectrum in a DQ-filtered experiment on the 
( ) ( )τ∝
+τ+
2df ersine
t
,   (3.1.10) 
d2
fulfilled because 2T  
2
 Moreover, for very slow exchange, is typically larger than 10 ms [Eli2].
i.e. 
2/12
d Ωω<<  the condition k rτ << 1 is fulfilled in the initial ex
1.9).  
 
3.1.2. Multipolar spin states in the limit of fast proton exchange 
Exchange of protons between water molecules is causing a modulation of the dipolar 
teraction leading to a scale down of the residual dipolar interaction and a reduction of the 
tensity of the multiple-quantum signals. When taking into consideration the proton 
xchange one obtains the following expression for the integrals of the measured spectrum in 
Q-filtered experiment [Eli1] valid for: 
citation/reconversion regime 
of the DQ build-up curves. Under these conditions equation (3.1.10) is becoming identical 
with equation (3.
 
 
in
in
e
D
( )
( ) ( ) τ−Ω
τ− ρτρ
ω∝τ++τ+τ k2*2T/2
2
d
SQ
1fDQ esinhe
0S
tS
,   (3.1.11) 
here this time 2d
2
2
1 6k ω−=ρ . 
For fast proton exchange the condition k >
w
2/12
dω Ω
for τ << k-1, and *2T<τ  from equation (3.1.11) we get: 
 is fulfilled and ρ ≈ k/2. Moreover, 
 
Chapter 3.1 Anisotropy of Collagen Fiber Orientation in Sheep Tendon  
by 1H Double-Quantum-Filtered NMR Signals 
90
( )
( ) 22dSQ
1fDQ
0S
tS τω∝τ++τ+τ Ω . 
lysis of the experimental results 
0 0 -1 -1 [Eli1] requiring 
τ<100 µs, and τ<30 µs, respectively. 
 In ordered tissues like tendon the 1H DQ filtered NMR signa
two main components, one characteristic for the collagen fibers and the other originating from 
the bound water. The former signal is difficult to be detected as a result of the large value of 
 DQ ltered NMR signals is suppressing not 
nly the anisotropy of the 1H residual dipolar coupling of bound water in the 
following. 
 
 
ouble-Quantum-Filtered NMR 
Signals  
h describe the change of the 
cosine function of the polar angles between different reference frames we can write 
   (3.1.12) 
 It is worth noting that under these conditions the ana
becomes somewhat more demanding due to decline in signal-to-noise ratio. For instance, at 
24 C and 41 C the exchange rate constant k is about 3500 s  and 6000 s
ls in general consist of 
the dipolar coupling and very short value of the transverse relaxation time (vide infra). 
Actually, the pulse sequence used for detecting  fi
only the signal of the free water but also the signal of proteins. Therefore, it is sufficient to 
discuss o
3.1.3 Study of the Anisotropy of the 1H D
 
The experimental parameter describing the anisotropy of the residual dipolar couplings is 
given by the angle θ between the direction of the tendon plug and the direction of 0B . This 
angle and other relevant angles for the description of anisotropy are shown in figure 3.1.3. 
Using simple geometrical arguments (see also appendix 8) whic
r
γθβ−θβ=β ~cossin~sincos~coscos .    (3.1.13) 
Consequently, the square of the Legendre polynomial in the expression of the slope of 
the DQ build-up curve (see equations 3.1.2, 3, 9 – 12) is given by: 
( ) ( ) ( )[ ]22222 1~cossin~incos~cos3
4
11cos3
4
1cosP −γθβθβ=−β=β .     (3.1.14) 
The anisotropy of the square of 
2 s−
 the residual dipolar couplings (cf. equation 3.1.9 or 
3.1.12) can be evaluated by considering an isotropic distribution of the azimuthally angle γ~  
of the collagen fibrils or local average directors around the tendon axis of symmetry. 
n was assumed to describe t ibution oTherefore, an axial distribution functio he distr f the angle 
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β~  angular average ( )...  has to be performed over two independent angular averages, 
i.e., ( )... .  
. Ω
γβ ~,~
( )
 
from
 The
( ) (∫ ∫π πγβ βγγθβ−θββ−βπ=θω
2/
0
2
0
2
20
22
~,~
2
d ddcossin
~sincos~cosP~~RSD
4
3 ) ~~~ ,  (3.1.15) 
where ( )0~~
0
( ) ( )2222
4
9
2
3
R β−β
~β
 is the uniaxial orientation distribution function of the collagen fibrils around 
the axis of the tendon plug. The centre of the distribution corresponds to the angle . 
For the initial slope of the DQ build-up curve, i.e. for get: 
γβγβ β=θω ~,~2~,~d cosPSD ,    (3.1.16) 
The normalized anisotropy of the square of the residual dipolar couplings measured 
 the initial region of the DQ build-up curves can be obtain from the above equations, 
( ) ( ) ( )∫πγβ βθββ−β=θϖ
0
2/
0
0~,~
2
d
~d,~f~~R
( ) ( ) ( )∫πγβ βββ−βϖ 2/ 0~,~2d ~d0,~f~~R0
( )~
β+


π
2 ~cos
9
1~
8
1~
8
3~
8
.  (3.1.18) 
,    (3.1.17) 
where the angular function θβ,f  is given by 
( )

θβ−θβ−θθβ
+ θβ+θβ+θβ=θβ
2222222
222444
sin~sin
3
1cos~cos
3
2sincos~sin
2sin2sinsinsincoscos9,~f
The normalized angular dependence of the square of the residual dipolar interactions given by 
equation (3.1.17) is independent of the numerical factor present in the slope measured in the 
initial time regime of the DQ build-up curve (cf. equation (3.1.9)). 
 
A. The normalized Gaussian distribution function 
The normalized Gaussian distribution can approximate the β  distribution, i.e.: 
1~~
~
( ) 





σ
β−β−
β





σ
β−β−
=β−β
βπ
β
∫
2
~
2
0
2/
0
2
~
2
0
0 2
)~~(exp
~d
2
)~~(exp
R ,   (3.1.19) 
standard angular eviation. 
 From the measured angular dependence of the normalized slope of the DQ build-up 
curves described by equations (3.1.17) and (3.1.18) the parameters of the angular distribution 
where βσ~  is the  d
function, i.e., σ~  and  can be determined. β 0~β
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B. The Legendre polynomials expansion 
A much more physical description for the normalized distribution of angle β~ , coming from 
the IR spectroscopy, can be described in the most general way by the Legendre polynomials 
expansion [SRo1], i.e.: 
( ) ( )( )π L20 ~~81~~ ( )∑ β−β+=ββ 0 0LL cosPP1L2;R
∞
=
,   (3.1.20) 
where P  are the moments or order parameters of the distribution. The first order parameter L
is 1P0 = , and for a symmetric angular distribution only the even-order moments are non-
zero [Sro1]. 
 
3.1.4 Proton DQ-filtered spectra 
 
Single-quantum (SQ) 1H spectrum recorded with a 900 radio-frequency pulse for sheep tendon 
riented at θ = 00 at room temperature is shown in figure 3.1.5(a). It consists of a doublet and 
 central line corresponding to the bound water and free water, respectively. The DQ-filtered 
µs is shown in figure 3.1.5(b). A well resolved splitting is evident apart from the resonance 
oming from free water that do not exchange with those that interact with the collagen fibers. 
Figure 3.1.5 H single-quantum (SQ) (a) and DQ filtered spectra (b) of sheep tendon oriented at the angle θ = 0 . 
show a doublet. The NMR signal form the free water is present in the SQ spectrum (a) but filtered in the DQ 
spectrum (b). The measurements were performed at room temperature 200 ± 10 C. 
o
a
spectrum measured in the same conditions as above at excitation/reconversion time of τ = 50 
c
The splitting of 2∆ ≈ 4400 Hz is the same for both spectra. These spectra show that for the 
sheep tendon at room temperature the approximation of spin- ½ pairs is valid and that the 
residual dipolar interaction is larger than the proton exchange rate (for more details see 
reference [Nav1] and [Eli1]). 
1 0
The SQ spectrum as well as DQ filtered spectrum recorded with the excitation/reconversion time of τ = 50 µs 
a) b)
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Figure 3.1.6 Proton DQ filtered spectra of the sheep tendon oriented at the angle θ = 00. The spectra measured in 
the initial regime of DQ build-up curves of τ = 4 µs, and τ = 50 µs, 
maximum for τ = 100 µs and τ = 160 µs, respectively, are shown in 
excitation/reconversion times τ corresponding to the four attenuated amplitudes of the DQ build up curve 
oscillations are shown in figure (b). The measurements were performed at room temperature 200 ± 10 C. 
 
 The dependence of the 1H DQ-filtered spectra on the τ pulse sequence parameter (cf. 
figure 3.1.4) is shown in figure 3.1.6. The maximum strength of the DQ-fil igna
at τ = 100 µs (see below in figure 3.1.6(a)). Various spectra are shown before and after this 
 particular orientation and 
mperature that the proton exchange process is slow in comparison with 2∆. Moreover, for τ 
esonance frequency of free water. The 
 values (see figure 3.1.6(b)). 
This result may be interpreted by a transfer of magnetization from the bound water to the free 
water via chemical or proton exchange or tentatively by the prese
smaller residual dipolar interaction. 
 
 
 
a) b)
as well as the maximum and over the 
(a). The 1H DQ filtered spectra at the 
 
tered s l occurs 
maximum. The intensity of the DQ-filtered spectra follows the strengths of the DQ build-up 
integrated signal without any change in the parameter 2∆, indicating a high macroscopic 
order. Furthermore, the clear splitting also points out that for this
te
≥ 100 µs a weak resonance becomes evident at the r
relative intensity of this resonance is increasing for longer τ
nce of additional site with 
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3.1.5 Anisotropy of the 1H residual dipolar couplings by doublet splitting, 
Proton DQ-filtered spectra measured for orientation angles θ = 00, 550, and 900 between the 
macroscopic z-axis of the tendon plug and the direction of the static magnetic field at an 
splitting can be observed for the orientation angles θ = 00, and 900. Close to the magic angle 
for θ = 550, due to the finite width of the spectral line we are no longer able to see this 
splitting. 
dipolar encoded longitudinal magnetization, and double quantum 
build-up curves 
 
excitation/reconversion time of τ = 100 µs is presented in figure 3.1.7. A well resolved 
c) θ = 900
θ
  θ = 00a)
b)  = 550
Figure 3.1.7 Proton DQ edited NMR spectra for the orientation θ = 00, θ = 550, and θ = 900 of the sheep tendon
plug relative to the direction of the static magnetic field. 
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This is a proof that: 1) that the internuclear H-H vector from bounded water is into a good 
pproximation oriented along the collagen fibril, which themselves is into a very good 
appro tion oriented along the plug axis; 2) sheep tendon at room temperature the 
appro tion of spin- ½ pairs is valid and that the residual dipolar interaction is not much 
smaller than the proton exchange rate. 
The values of the 1H residual dipolar coupling 
a
xima
xima
 for 
( ) 2/12d θω , (where we have dropped here 
and in the following the indices indicating the angular averages) were also measured from the 
initial slopes of the DQ build-up curves. These curves were recorded using the pulse sequence 
shown in figure 3.1.4. A normalized DQ build-up curve for orientation θ = 00 and for an 
extended range of the excitation/reconversion times are shown in figure 3.1.8(a). The 
integrated DQ-filtered signal oscillates with attenuated amplitude.  
the 1H DQ filtered NMR spectra (see equation 3.1.16) versus the 
xcitation/reconversion time τ for sheep tendon at the orientation angle θ = 00. Four attenuated oscillations 
(marked by arrows) are detected at this orientation where the residual dipolar coupling has the largest strength. 
) DQ build-up curves for orientation angles θ = 00, 550 and 900 between the z-axis of the tendon plug and the 
irection of the static magnetic field. Broken lines mark the maximum of the DQ build-up curves. The 
easurements were performed at room temperature 200 ± 10 C; (c) Normalized DELM (d) and DQ curves as a 
nction of τ2 for the orientation angles θ = 00, 550, and 900 together with the fitting curve. 
 
a) b)
Figure 3.1.8 (a) Normalized integrals of 
c) d)
e
(b
d
m
fu
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The period of the appearance of the maximum is Tm ≈ 250 µs. Then the period of 
ion is about T ≈ 500 µs, which should correspond to the half of the splitting of ∆ ≈ 2 
e note that the abov
oscillat
kHz. W e estimated period of oscillation is affected in the measurements 
y the transverse relaxation during the excitation/reconversion periods, which shifts the times 
ion which exhibits a small oscillation for longer values of τ. If this spin-system 
response is multiplied by the transverse relaxation decay function the oscillations are 
attenuated. This is exactly the case of the tendon having collagen fibers oriented in a small 
range of angles along the direction of the tendon plug. 
Three trends are noticeable in the results shown in figure 3.1.8(b). Upon changing the 
sample orientation from 00 to 900 and finally to 54.70 the rise and the fall times get longer and 
the maximum are shifted towards longer times. The normalized integrated intensities 
decrease. The shift of maximum and the lengthening of the rise time are expected as the 
residual dipolar interaction is declining. However, the lengthening of the decay along with the 
decrease of the intensity requires that the effect of chem ange of water molecules 
between free and bound sites as well as proton exchange among water molecules should be 
considered. As can be seen from [Eli1] as well as from equation (3.1.11) the effect of the 
above two processes on the DQ signal is two folds: i) scaling down [Eli1, Bere1] of the 
residual dipolar interaction and ii) relaxation that may depend on the orientation.  
Normalized 1H DELM and DQ build-up curves decay curves versus the square of the 
excitation/reconversion times τ at the orientation angles θ = 00, 550, and 900 between the 
macroscopic z-axis of the tendon plug and the direction of the static magnetic field are 
presented in figure 3.1.8(c) and 3.1.8(d), respectively.  
The value of the 1H residual dipolar interaction (see figure 3.1.9(a) and (b)) was 
measured by fitting the normalized DELM and DQ build-up curves in the initial regime (as is 
presented in figure 3.1.8(c) and (d)), up to 50 µs by a polynomial in τ2. The coefficient of the 
term linear in τ2 is given by 
b
at which the maximum in oscillations occur (see below). The large amplitude of these 
oscillations for the orientation angle θ = 00 is due to the larger value of the residual dipolar 
coupling. This fact is a direct consequence of the anisotropy of the dipolar tensor orientation. 
It was shown by simulation in reference [Eli2] that for a spin- ½ pair attached to an 
isolated polymer chain fixed between two joint points the DQ build-up curve is given by a 
step funct
ical exch
2
d2
3 ω  (cf. equation (3.1.9)). The normalization factor is given by 
the integral intensity obtain after deconvolution of the SQ spectrum shown in figure 3.1.5(a). 
The quantity ( ) 2/12d θω  is shown in figure 3.1.9(a) and (b) as a function of the orientation 
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angle θ. If the angular dependence of this quantity were described by the function P2(cosθ) 
the minimum value of ( ) 2/12 θω  would be zero and the angular contrast would be 
2/1
d
2/1
d
. 
 
d
( ) ( ) 290/0 022 =ωω
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
gime of excitation/reconversi
 
 
 
 
 
 
a) 
DELM 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.9 Values of the 1H residual dipolar couplings versus the orientation angle determined from (a) the 
dipolar encoded longitudinal magnetization DELM; (b) the DQ build-up curves of figur
b) 
DQ 
c)
line splitting 
e 3.1.8 in the initial 
on times; (c) doublet line splitting. re
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Nevertheless, the experimental data of figure 3.1.9(b) show that the minimum value of 
( ) 2/12d θω  represents about 13% of the value at θ = 00, and the angular contrast in residual 
dipolar couplings is ( ) ( ) 2/102d2/12d ≈ωω . Both these facts can be explained by a 
distribution of the tendon fibril orientation described by equations (3.1.17) and (3.1.18). 
 The H DQ-filtered spectra were recoded for τ = 50 µs with the pulse sequence of 
figure 3.1.4 and half of the splitting ∆ is shown in figure 3.1.9(c) as a function of the
7.290/0
1
 
orientation angle θ. From the definition of 2/12dω  given by equation (3.1.3) and (3.1.9) and 
3
22/12
d
equation for splitting at θ = 0  of ∆ ≅ 2.2 kHz (see figure 3.1.9(c)) we get 
( ) Hz18002/2/12d ≅πω . This value is in the middle between those obtained from DELM 
decay and from DQ build-up curve. The discrepancy
o ∆=πω 2the frequency splitting [Bow1] we get the f llowing relation: . Using this 
0
 between ∆ value and the DQ value 
shown in figure 3.1.9(b) is probably due to the inaccuracy in the evaluation of the integral 
intensity of the SQ spectrum used for normalization of the DQ-filtered signals. Nevertheless, 
we note that the normalized orientation dependent residual dipolar couplings are not affected 
by the normalization procedure. 
In the figure 3.1.10 is presented for comparison the normalized square of the residual 
dipolar couplings ( ) ( )2d2d  for the data receiving after the fitting the DELM decays 
splitting, ∆ (figures 3.1.10(e) and (f)) as a function of orientation angle θ. The data presented 
in the left of the picture 3.1.10(a), (c) and (e) were fitted using the Gauss
0/ ωθω
(figures 3.1.10(a) and (b)), DQ build-up curve (figures 3.1.10(c) and (d)) and half of the 
ian angular 
distribu
expansion given by equations (3.1.17), (3.1.18)  (3.1.20). 
tion is characterized by: 1) a standard 
deviati 0 0
tion function given by equations (3.1.17), (3.1.18) and (3.1.19) and the data presented 
in the right side of the picture 3.1.10(b), (d) and (f) were fitted using the Legendre polynomial 
The best fit with the Gaussian distribution func
on of βσ~  = 15 ± 1  and a centre of distribution of 0β  = 3 ± 1  for DELM data, 2) a 
standard deviation of β
0 0
σ~ = 120 ± 10 and a centre of distribution of 0~β  = 40 ± 10 for DQ data, 3) 
0 0 ~ 0 0
be found in the Table 3.1. 
 
~
βσ~ 0βa standard deviation of  = 19 ± 1  and a centre of distribution of  = 2 ± 1  for The 
normalized values of the square of the splitting of the DQ filtered spectra. These values can 
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a) b)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
e) 
d)
f) 
 
Figure 3.1.10 The normalized values of the square of the 1H residual dipolar couplings versus the orientation 
ngle θ measured from the (a, b) dipolar encoded longitudinal magnetization DELM; (c, d) double-quantum 
uild-up curve; (e, f) spectral splitting The solid line represents best fit obtained for a Gaussian angular 
istribution function fro quation (3.1.15) corresponding to (a, c, e) and by Legendre polynomials expansion 
om equation (3.1.18) corresponding to (b, d, f) 
 
able 3.1 Center of distribution 
a
b
d m e
fr
0
~β , standard deviation βσ~ and order parameters nP2T  of the orientation 
istribution function measured from the anisotropy of the residual dipolar couplings (see figure 3.1.3). 
Gaussian distribution function Legendre polynomial expansion 
d
Experiment 
0
~β [0]a βσ~ [0]a 0~β [0]a a2P  a4P  a6P  
DELM 3 15 1.79 0.99 0.91 0.82 
DQ 4 12 1.79 0.86 0.84 0.28 
line splitting 2 19 1.80 0.92 0.90 0.66 
aThe fit errors are less than 1%. 
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this stu
The value of the standard deviation of the Gaussian angular distribution obtained in 
dy is in good agreement with the value βσ~  = 130 reported previously on bovine 
Achilles Tendon by Berendsen [Bere1] by the measurements of the anisotropy of the second 
van Vleck moments. 
 The best fits of the data with the Legendre polynomial expansion are shown in figures 
3.1.10(b), (d) and (f), lead to the evaluation of the centre value and order parameters of the 
angular distribution function. These values are also presented in Table 3.1 up to the order L = 
6. The associated uniaxial angular distribution functions ( );R~ ββ  obtained from equation 
(3.1.20) with these values are shown in figure 3.1.11. In addition, the anisotropy of the 
residual dipolar couplings evaluated in terms of a Gaussian angular distribution function is 
egendre polynomial expansion (cf. figure 3.1.8). Nevertheless, the 
limited number of order parameters used leads to strong oscillations in the function wings as 
shown in figure 3.1.11. The angular distribution function differs more in the region of angles 
around the magic angle were the errors in the measurements of residual dipolar couplings are 
larger. 
A dipolar interaction am
0
also presented. This ad hoc distribution function clearly is different from the more realistic 
ones obtained from L
ong the bound water molecule protons and those of the 
collage
of the fibril o
 
rie  
distribution functi ( )
n may contribute to the measured residual dipolar coupling and may affect the values 
for the distribution rientation. However, we believe that this is not the case based 
due to the following reasons: the intermolecular dipolar interaction between protein and water 
is typically much smaller (distances of more than 0.2 nm) than the water molecule 
intramolecular dipolar interaction. 
 
 
 
 
 
 
Figure 3.1.11 O ntation
0R β
Legendre polynomial expansion 
with the centre of distribution and 
the order parameters given 
TABLE 3.1. The Gaus
ons ~β ~;  
from equation (3.1.18) based on the 
of 
sian 
orientati  distribution function 
from equation 3.1.19 is also shown. 
on
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The existence of well-defined dipolar spectrum splitting and especially the behaviour 
at the m gic angle cannot be explained if the space distributed interactions at different angles 
with the protons of the collagen are taken into account. Furthermore, in addition to the fast 
reorientation motion of the water molecules on the protein surface along with the exchange 
between bound and free states that reduces both intra and intermolecular interactions the latter 
ones m y be further reduced by diffusion. Thus, making the effects of the intermolecular 
dipolar interactions on the measurements negligible. 
1H DQ filtered NMR signals of bound water were used to quantitatively 
determ e the anisotropy of the residual dipolar couplings in tendon. The values of the 
residual dipolar couplings were obtained from the DQ build-up curves as well as the DQ-
filtered spectra measured in the initial regime of the excitation/reconversion periods. At the 
magic angle the value of the residual dipolar coupling is different from zero, which is a 
manifestation of a distribution of the collagen fibril directors around the macroscopic 
symme is of the tendon. In the first appr ation this distribution can be described by a 
Gaussian angular distribution function with a centre of the distribution slightly shifted from 
the tendon axis.  
hese 1H residual dipolar couplings, which carry information about the orientation of 
the collagen fibrils in tendon, are determined model free from the DQ build-up curves and 
doublet splitting. To a good approximation these values measured from the slopes of the DQ 
build-up curves are not affected by the anisotropy of the transverse relaxation rates and the 
curves are detected. However, the quantitative analysis of the data becomes more complex. 
Furthermore, the uses of higher-order MQ coherences can further increase the sensitivity to 
the collagen fibril orientations because the initial slope of the MQ build-up curves increases 
 The anisotropy of the proton residual dipolar coupling measured by the splitting of the 
DQ-filtered spectra was used to validate the measurements made from the slopes of the DQ 
build-up curves. The parameters of the Gaussian distribution function obtained with both 
methods are in the reasonable agreements. The method using the doublet splitting is, at least 
in principle, more acc te that the m d based on the slopes of the DELM decay or DQ 
build-up curves. The advantage of the last methods is that can be used independent of the 
existence of a well defined splitting. For instance, H DQ-filtered spectra of bovine Achilles 
tendon recorded at tem atures of 24 nd 410C  show plittin ]. Moreover, 
a
a
The 
in
try ax oxim
T
inhomogeneities of the magnetic field. The sensitivity to the anisotropy of the ordered tissue 
can be increased as well as the signal-to-noise ratio if the maximum of the DQ build up 
with the order of the MQ coherence. 
ura etho
1
per 0C a do not  any s g [Eli1
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it is no
tion of the anisotropy in different ordered tissues and to establish a 
t affected by the normalization procedure. Nevertheless, more experimental data are 
needed in order to define a DQ build-up curve. 
The method based on the DQ build-up curves described in this work can be used for a 
quantitative investiga
correlation between the degree of orientation of collagen fibrils and the biological 
functionality. Moreover, degeneration processes and injuries can be characterized by the 
changes in the angular distribution of the fibrils. 
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3.2 
R for in vivo MRI because of a low 
gyroma
in NMR images [Blü1] of samples with distributions of cross-link density 
and str
Figure 3.2.1 The general arrangement (a) and five pulse equence (b) used to record matched, τ’ = 0 DQ build-
 
Parameter maps of 1H residual dipolar couplings in 
tendon under mechanical load 
 
In the last years, 1H and 2H DQ filtered (DQF) magnetic resonance imaging (MRI) has been 
applied for visualization of ordered tissues. Deuteron DQF-MRI was reported for bovine 
nasal cartilage [Sha1], the sciatic nerve of a rat [Shi1], and rat blood vessels [Sha2]. However, 
2H NMR poses disadvantages compared to 1H NM
gnetic ratio and a low concentration in biological tissues. Proton images of various 
ordered tissues have been also reported [Nav1, Tso1, Iko1]. In vivo 1H DQF-MRI was 
performed on human wrist and ankle [Tso1]. The same method was applied to joint tissues of 
rabbits for selective visualization of tendon, meniscus and articular cartilage [Iko1]. 
Multiple-quantum coherences, especially double-quantum coherences of 1H in dipolar 
coupled systems, have been explored recently for measurements of residual dipolar couplings 
in elastomers like poly(-styrene -co-butadiene) [Gra1], synthetic poly(isoprene) [Sch1], and 
natural rubber [Fec2]. Proton residual dipolar couplings of elastomers chains were used to 
generate contrast 
ess in stretched elastomers [Sch3, Sch4]. Dipolar contrast filters are discussed on the 
basis of dipolar encoded longitudinal magnetization (DELM) as well as DQ and triple-
quantum coherences. Two-dimensional maps of stress distributions were presented for a 
strained natural rubber band with a cut on one side measured with DELM and DQ filters 
[Sch3]. 
 
 
 
 
 
reconversion excitation evolution detection
 
 
 
 
 
 
 
 s
up curve and DELM decay curve and mismatched, τ’ ≠ 0, DQ decay curve. 
0
x90
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Figure 3.2.2 Proton NMR spectra of bound water in sheep Achilles tendon obtained after a 90  pulse (a) 
and after DQ filtration (b). A radial compression force (F) was applied on the tendon plug. Two different 
spectra are shown for F = 0 and F > 0. 
 
3.2.1 Proton DQ-filtered spectra of bound water in tendon at rest and under 
compression  
 
The NMR experiments were performed at a 1H frequency of 299.87 MHz on a Bruker DMX-
300 spectrometer. The DQ build-up curves as well as the DELM decay curves were recorded 
with the five-pulse sequence [Mun1, Ern1] (cf. figure 3.2.1) with matched 
excitation/reconversion periods. DQ decay curves are measured using mismatched 
creation/reconversion periods [Wie1]. The phase cycling schemes are described in Refs. 
[Sch3, Sch4, Mun1, Ern1, Wie1]. A 15 µs 900 pulse, and a 1 s recycle delays were used. The 
evolution time and the z-filter delay were fixed to t1 = 20 µs and τf = 5 µs, respectively. 
The effect of a radial compression with force (F) on the cylindrical surface of the 
sheep tendon plug (see figure 3.2.9) on the 1H NMR spectra measured with single-pulse 
excitation is illustrated in figure 3.2.2(a). If the spectrum for F > 0 is compared with that 
measured for F = 0 a small broadening of the spectrum is detected in the presence of radial 
compression. Moreover, for F> 0 the intensity of the spectrum is lower, which can be 
explained by a loss of free water under compression. The spectrum is a superposition of the 
signals from free water that arises near the origin of the frequency scale and the signal of 
bound water. By a judicious choose of the filter the very broad signal from collagen was 
filtered out. 
 For the same conditions as above 1H DQ filtered spectra are shown in figure 3.2.2(b). 
These spectra were measured with the pulse sequence of figure 3.2.1 for τ = 300 µs, t1 = 20 
0
b)a) 
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[Eli1, use the signal from free water is 
uppressed by the DQ filter. Under radial compression the splitting increase, which means 
 the plug 
axis. A
3.2.2 DELM decay curves and DQ buildup curves of bound water in tendon 
and DQ coherences were measured with the pulse sequence of figure 3.2.1 for 
Achilles tendon from sheep with and without radial compression. This DELM decay and DQ 
buildup curves are shown in figure 3.2.3(a) and 3.2.3(b), respectively. The encoding with 
residual dipolar couplings is dominant only in the initial time regime of these curves. At later 
times a supplementary encoding by transverse relaxation time becomes important.  
µs, and τf = 20 µs. A dipolar splitting is observed that can be attributed to the bound water 
Eli2, Nav1, Fec4] (see also chapter 3.1) beca
s
that the 1H residual dipolar couplings of the bound water molecules increase due mainly to an 
increase in the local orientation of the collagen fibrils relative to the direction of the static 
magnetic field (see below). This interpretation is supported by a study of the orientation 
dependence of the 1H residual dipolar couplings in sheep tendon presented in the last chapter. 
We can conclude that the effect of tendon deformation by the radial compression can be 
clearly detected by the dipolar splitting of the DQ filtered signals. 
For the experiments performed with sheep tendon a Teflon rope was wound around the 
tendon plug in the central region producing a local compression perpendicular to
 special device was build for applying uniform and local compression forces along the 
plug axis. The bovine tendon samples were placed in a glass tube and a Teflon rod was 
pressed on the plug along the tube axis by a screw. For imaging experiments the face of the 
Teflon rod in contact with the tendon plug had an elevated riffle with the dimensions 1mm x 
10 mm along its diameter. 
 
with and without compression 
 
DELM 
 
a) b) c)
gure 3.2.3 Evolution of H multipolar spin states evolution as a function of the excitation/reconversion period
τ for DELM (a), DQ coherences (b), and the mismatch parameter τ’ (c) (cf. figure 3.2.1). All the data are
recorded on sheep Achilles tendon at rest (F = 0) and under radial compression (F > 0). 
1Fi
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In the presence of the compression force the initial slopes of all the curves increase (see figure 
3.2.3(a) and (b)). This indicates an increase in the 1H residual dipolar couplings due to a 
reduced angular distribution of the collagen fibrils. These curves can be used for selecting the 
dipolar parameter filters for the NMR images. 
 
3.2.3 Double-quantum decay curve of bound water in tendon with and 
without compression 
 
τFor ’ > 0 the spin system response of an isolated spin- ½ pair to the pulse sequence of figure 
3.2.1 was discussed in Ref. [Wie1]. The DQ filtered signal is given by: 
(τ´ ) ( ) 


 τω


 τ+τω∝ ddDQ 2
3sin´
2
3sinS ,   (3.2.1) 
excitation and reconversion periods equation (3.2.1) has to be multiplied by the function 
In the presence of transverse relaxation of single-quantum coherences during 
( )[ ]eff,2T/´2 τ+τ− 1´D <<τω. If the τ’ interval fulfills the conditions , and τ’ << T2,eff we exp
can write for equation (3.2.1), 
( ) [ ]eff,222dd2DQ T/2exp´412sin´S τ− τω−


 τω∝τ .  (3.2.2) 
This equation is derived for a parameter τ with a value in the region of the maximum of the 
DQ buildup curve, i.e., for ( ) 1sin d232 ≈τω  and ( ) 0cos d23 ≈τω . If these conditions are 
fulfilled then equation (3.2.2) can be approximated by: 
33 

( ) eff,2ddDQ T/2exp´4
31
2
3sin´S τ−

 τω−


 τω∝τ .  (3.2.3) 
( ) 
 τω−≈τ
22
d
DQ
DQ ´31 ,    (3.2.4) 
i.e., the signa
[ ]222
It was shown that the approximations involved in the derivation of equation (3.2.3) are valid 
for elastomers [Wie1] and we can expect then to be fulfilled also for the bound water in 
ordered tissues. Finally, the normalized DQ filtered signal is given by 
( )

τ
4S
´S
l represents a DQ decay curve where the initial amplitude SDQ(τ)is given by the 
sheep with and without radial compression and are shown in figure 3.2.3(c). 
DQ filtered signal obtained from the matched excitation/reconversion of duration τ. The DQ 
decay curves were measured with the pulse sequence of figure 3.2.1 for Achilles tendon from 
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all values of the 
misma
ignal from the voxel specified by the vector of position 
Some features of the dipolar filters based on DELM and DQ build-up curve and decay 
curve spin states can be inferred from the curves in figure 3.2.3. The highest signal-to noise 
ratio is obtained by the DELM and the lowest by the DQ buildup curves. Therefore, the 
resolution of the images is expected to be higher if the first method is used for dipolar 
filtering. However, the suppression of the free water signal is achieved only by the DQ filter. 
Moreover, the intense DQ decay curve is superior to the DQ buildup curve in setting the 
parameters of a residual dipolar filter. The residual dipolar couplings can be quantified 
without interference from transverse relaxation effects and excitation of high-order quantum 
coherences only in the regime of short excitation/reconversion times or for sm
tch parameter τ’ [Wie1]. 
 
3.2.4 Proton images and residual dipolar coupling parameter maps for 
tendon under compression  
 
Let us consider in the following a NMR image obtained using a matched DQ dipolar filter (cf. 
figure 3.2.4). The filtered s r
r
 is given 
by: 
( ) ( ) ( ) ( )[ ]rT/2expr3sinrr;S 2 rrrr τ−

 τωρ∝τ ,  (3.2.5) 
2 eff,2dDQ 
 
sequence for multipolar spin states filtering according to residual dipolar couplings followed by a z filter and
space encoding by 2D spin echo imaging. 
where  is the spin density and the residual dipolar couplings as well as the effective 
 
 
 
 
 
 
Figure 3.2.4 (a) General scheme for recording images weighted by residual dipolar couplings. (b) Four pulse 
 
( )rrρ
transverse relaxation time are distributed in space. 
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 For an image obtained by a mismatched DQ dipolar filter the signal from a voxel can 
be written from equation (3.2.3) as: 
3r
2
3sinrr;S dDQ
rrrrr 



 τωρ∝τ( ) ( ) ( ) ( ) ( )[ ]rT/2exp´r
4
1 eff,2
22
d
2 τ− τω−
′ . (3.2.6) 
 We can define a ratio-difference image from equations (3.2.5) and (3.2.6) 
( ) ( ) 22DQ r31r;S τω≈−τ r
r
.    (3.2.7) ( ) dDQ 4r;S τ′ r ′
This is a residual dipolar coupling parameter map if the constant factors are taken into 
y imaged. This map is 
described by 
account. A semi-quantitative map of residual dipolar couplings can be also generated if a 
homogeneous reference sample with similar properties is simultaneousl
( )
( )
ref
refDQ
DQ 1
r;S 



 −′
τ
r
r
( ) ( )
( )
2/12
D
refDQ
DQ2/12
D
1
S
S
r;S
r ω



 −τ
τ
τ≈ω r .   (3.2.8) 
2/1
′
ref
2
DωThe reference residual dipolar coupling  has to measure in a separate experiment using 
for instance DQ build-up or decay curves [6,16,17]. 
 For two-dimensional (2D) images and parameter maps a ph fre
encoding procedure was employed [Blü1]. The dipolar filters based on multipolar spin states 
plemented fo l
l resolution was 300 µm in both 
2 adient strength was approximately 93 
mT/m. The gradient was stepped through 64 gradient values. The total duration for 
acquisition of 2D filtered images was on the order of three hours. The 900
lengths for image acquisitions were 20 µs and 47 µs, respectively. Recycle delays of 1 s were 
used in all experiments. The evolution times for measuring LM decays, DQ build-up, and DQ 
decay intensities were fixed to t  = 10 µs. In all experiments the excitation and reconversion 
times were set to τ = 200 µs and τ’ = 40 µs. For 2D the spin-echo images [15] the echo time 
was τi = 0.85 ms. At the beginning of each experiment the te
parallel to the direction of the static magnetic field. At this orientation the 1H residual dipolar 
coupling of bound water is at its maximum [Nav1, Fec4].  
 
ase-and- quency 
in combination with MRI were im llowing the pu se sequence shown in figure 
3.2.4. In all images the spatia  about directions with a field of 
view of about (20 mm) . The maximum achievable gr
 and 1800 pulse 
1
ndon plug axis was adjusted 
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igure 3.2.5 Proton NMR images of sheep Achilles tendon with radial compression using no filter (a), and a 
ELM filter (b) (cf. Fig. 2). The tendon plug axis is parallel with the z direction of the static magnetic field. The 
cross-lin
 
 Figure 3.2.5 depicts a comparison of 2D 1H spin-echo images obtained without and 
with a DELM filter (cf. figure 3.2.4) for sheep Achilles tendon radially compressed. Both 
images are encoded by the spin density, transverse relaxation, and residual dipolar couplings, 
and are affected by the free water signal. Depending on the parameters of the pulse sequences 
the contrast is expected to be of the same order of magnitude. The adv
DELM filtered images is related to the possibility (not shown) to obtain residual dipolar 
 is needed for extraction the information 
lated to the residual dipolar couplings (for a discussion of this topic see chapter 2.2). 
The suppresion of the free water NMR signal is achieved using DQ dipolar filters (see 
gure 3.2.2). The 1H images and residual dipolar parameter map for the sheep Achilles 
ndon with radial compression are shown in figure 3.2.6. A DQ dipolar filter with matched 
xcitation/reconversion periods and τ = 200 µs is shown in figure 3.2.6(a). The image 
btained with the mismatched pulse sequence with τ = 200 µs and τ’ = 40 µs for the same 
ample is presented in figure 3.2.6(b). Both images are encoded in a complex manner by the 
pin density, transverse relaxation, and residual dipolar couplings. If the last effect is 
ominant the DQ filtered images will have the highest intensity in the region of the radial 
ompression. This effect is not observed in either image. The strongest signal is detected in 
e rest regions of the tendon that is due to the migration of the free water in these regions in 
 
 
 
 
 
 
 
 
 
a) b)
Z 
X
F
D
length of the plug is 12 mm and the diameter is about 10 mm. Two-dimensional images in the plane (x, z) have 
been measured without slice selection. On the left hand side of (a) and (b) the images of a reference sample from 
ked natural rubber are shown. 
antage of measuring 
couplings parameter maps in a model free way [Sch3]. This is not the case with the images 
based on the Hahn echo where a complex model
re
 
fi
te
e
o
s
s
d
c
th
response to the compression and an increase in the bound water concentration.  
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Figure 3.2.6 Proton DQ filtered images of sheep Achilles tendon with radial compression using the matched (a) 
and mismat
DQ filtered images. (d) Proton residual dipolar coupling map of tendon calibrated with the signal from a cross-
m and the diameter is about 10 mm. The tendon plug axis is parallel with the z direction of the static magnetic
c) d 450 
405 
360 
315 
270 
180 
135 
45 
0 
Z 
a) b
ν [Hz]
225 
90 
X 
ched (b) pulse sequences (cf. figure 3.2.4)). (c) Quotient image of the matched (a) to mismatched (b) 
linked natural rubber reference sample shown on the left hand side of (a)-(d) images. The length of the plug is 12 
field. Two-dimensional images in the plane (x, z) are shown without slice selection.  
 
Figure 3.2.6(c) shows the quotient of the images from figure 3.2.6(a) and figure 
3.2.6(b). This image shows clearly a different distribution of the pixel intensities comp
m  
A semi-quantitative residual dipolar-coupling map can be generated from the quotient 
map of figure 3.2.6(c) using equation (3.2.8). A small piece of cross-linked natural rubber was 
used as reference sample and its image is shown on the left hand side in figures 3.2.6(a) to 
3.2.6(d). The H residual dipolar coupling of the reference rubber sample was measured in a 
separate experiment from the DQ buildup curve, and the value estimated based on the 
procedure discussed in reference [Sch1] is 
ared to 
the source images. The highest intensity is present in the deformed region of the tendon. The 
spin density does not encode the pixels of the quotient image and the effect of the transverse 
relaxation is also eliminated to a good approximation.  
1
2
dω /2π = 320 ± 30 Hz. 
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a) b)
 
 
 
 
 
 
 
 
 
Figure 3.2.7 Proton NMR images of a plug from bovine Achilles tendon compressed along the tendon axis in 
the central region of the transverse section acquired without (a), and with a DELM filter (b) (cf. Fig. 2). The 
 
 
 
 
de of (a)-(d) the 
image of a reference sample from cross-linked natural rubber is shown. 
tendon plug axis is parallel to the z direction of the static magnetic field. The length of the plug is 12 mm and the 
diameter is about 10 mm. Two-dimensional images in the plane (x, y) are shown without slice selection. On the 
left hand side of (a) and (b) the image of a reference sample from a cross-linked natural rubber is shown. 
 
 a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) d) 360
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Figure 3.2.7 Proton DQ filtered images of bovine Achilles tendon compressed along the tendon axis in the 
central region of the transverse section of the plug using the matched (a), and the mismatched (b) pulse 
sequences (cf. Fig. 2)). Quotient of images (a) and (b) is shown in the image (c). (d) Proton residual dipolar 
coupling map of tendon calibrated with the signal of a reference sample. The tendon plug axis is parallel with the 
z direction of the static magnetic field. The length of the plug is 12 mm and the diameter is about 10 mm. Two-
dimensional images in the plane (x, y) are shown without slice selection. On the left hand si
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 Similar 1H images and residual dipolar parameter maps were measured for bovine 
Achilles tendon under compression along the tendon plug axis (cf. figures 3.2.7 and 3.2.8). 
This force was applied locally along one diameter of the transverse section of the plug. The 
same reference sample used as before was positioned in the glass tube parallel to the tendon 
plug. The distribution of the residual dipolar couplings shown in the map of figure 3.2.8(d) is 
different from that of figure 3.2.6(d). Lower values of the residual dipolar couplings are 
detected in the region of compression. 
 The effect of the deformation forces applied in the radial directions and along the axis 
of the tendon detected via changes in the values of the residual dipolar couplings can be 
understood based on the changes in the collagen fibril orientation distribution (see figure 
3.2.9). In tendon collagen fibrils are not oriented strictly parallel to the tendon axis [Coh1, 
Fec4]. A uniaxial angular distribution was measured with the center of the distribution tilted 
away from the plug axis by few degrees (cf. figure 3.2.9(a)), and the width of the postulated 
Gaussian distribution was 190±10 (see chapter 3.1). Under radial compression the main effect 
is the reduction of the width of the orientation distribution in the compressed region (see 
figure 3.2.9(b)). Moreover, the average orientation direction of the collagen fibrils is than 
more parallel with the direction of the static magnetic field 0B
r
. Hence, the values of the 
residual dipolar couplings of bound water increase in this sample region as shown by the 
parameter map in figure 3.2.6(d). 
a) b) c)
Figure 3.2.8 Pictorial representation of the local changes in the collagen fibril orientation due to the compression 
forces ( F
r
). The tendon plug axis is oriented parallel with the direction of the static magnetic field B
r
0. The 
black sticks mimics parts of the collagen fibrils and the angle between the fibrils and the tendon plug axis shows 
the existence of an angular distribution [4,21]. (a) The angular distribution of the collagen fibrils is 
approximately uniform in the tendon at rest. (b) Under radial compression the main effect is the reduction of the 
width of the orientation distribution function in th essed region. (c) In the 
compression mainly the center of the angular distrib shifted away form the tendon pl
e compr presence of the local axial 
ution is ug axis. 
 
Chapter 3.2 Parameter maps of 1H residual dipolar couplings  
in tendon under mechanical load 
113
In the presence of the axial compression
f the orientation distribution are modified compared to those of the tendon regions at rest 
ee figure 3.2.9(c)). The increase in the polar angle of the collagen fibrils relative to 
 forces the center and probably also the width 
o
0B
r
 (s
reduces the value of the residual dipolar couplings in the compressed region (see figure 
.2.8(d)). 
Two new methods are presented for recording images of the tendon encoded by the 1H 
sidual ipolar couplings. The first method exploits dipolar encoded longitudinal 
agnetization and the other one uses the mismatched DQ filtered signals. The advantage of 
ese methods compared with others based on DQ buildup curves is an increase in the signal-
ipolar 
oupling meter map of the tendon samples
nder radial and longitudinal compression can be detected with good contrast in the parameter 
aps and in the images. The use of a reference sample reduces the time needed to acquire 
sidual dipolar coupling maps. 
These results open the possibility to use residual dipolar coupling maps to 
haracterize qualitatively and quantitatively injuries and healing of the ordered tissues. 
oreover, the above methods discussed for tendon in vitro can be also applied to in vivo MRI 
f other ordered tissues like ligaments, cartilage, skin, blood vessels, kidney, muscl
atter, and the optic nerve. 
3
re  d
m
th
to-noise ratio and hence in the image resolution.  
The combination between images measured by matched and mismatched pulse 
sequences for the excitation of the DQ coherences allows us to obtain the residual d
c  para . The changes in the residual dipolar couplings 
u
m
re
c
M
o e, white 
m
 
 
 
 ogeneous magnetic fields 
NMR-MOUSE® (Mobile Universal Surface Explorer) [Blü3, Anf1, Fec6, Fec8, Fec13], where 
subsequently a variety of NMR techniques and applications have been explored [Coa1, Her1, 
homogeneous fields, the challenge of maximizing the sensitivity for thin samples seems to 
have been neglected. The non-destructive investigation of arbitrarily large objects membranes, 
paper, coatings, and surface layers from polymer aging and degradation are examples of thin 
objects of technical interest for analysis by NMR. 
 
 
 
 
 
 
 
Fields Opera 3D 
 
 
 
4. NMR in inhom
 
4.1 Characterisation of new NMR-MOUSE sensors by 
numerical simulation of magnetic fields 
 
Unilateral NMR for materials applications has been proposed first by Jackson [Jac1] in 1980 
and only sporadically been addressed in the literature [Matz1] until the development of the 
Pra1, Wie1]. While the obvious challenge is to achieve large penetration depths and 
 
 
Figure 4.1.1 The relative 
configurations of permanent 
magnets and radiofrequency 
coils for U-shaped NMR-
MOUSE using Vector 
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In the classical construction the NMR-MOUSE® is a palm-size NMR device which is 
built up from two permanent magnets (see figure 4.1.1). The magnets with anti-parallel 
polarization are mounted on an iron yoke (not presented in this simulation) to form t  
classical horseshoe geometry. The main direction of the polarization field B0 is across the gap. 
The radio-
he
frequency (rf) magnetic field B1 can be generated by a solenoid coil (see again the 
figure 
®
oil, which is the best type from geometrical 
point o
T ®
c NMR techniques is not trivial. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.2 The relative configurations of permanent magnets and radiofrequency coils for the bar magnet 
NMR-MOUSE using Vector Fields Opera 3D 
4.1.1) or by a diversity of surface coils, which are mounted in the gap, between the 
magnets. 
Another concept of NMR-MOUSE  is using a single bar-shaped magnet, where the rf 
surface coil is located on one of the pole faces (figure 4.1.2). The main static magnetic field is 
oriented perpendicular to the faces. The surface c
f view, is producing a radiofrequency field characterized by a big component 
perpendicular to the static magnetic fields, i.e. parallel to the surface of the magnet. 
In generally the magnets are rare-earth NdFeB permanent magnets of rectangular-
block or cylindrical shape. In many applications we have used rectangular block magnets of 
dimensions 45 mm × 40mm × 50mm and cylinder magnets of 50 mm length and 50 mm 
diameter.  
he NMR-MOUSE  is characterized by strong inhomogeneities in the static and radio 
frequency magnetic fields. These inhomogeneities are even bigger in the vicinity of the edge 
of the magnets (see figures 4.1.1 and 4.1.2). Then the sensitive volume (the area in which the 
sensor is sensitive) must be taken far away from the edge. Due to these limitations, the task to 
implement or analyse specifi
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MR-MOUSE has found a lot of application in domain like: quality control of 
elastom aging process, cultural heritage, porous media, 
and the preliminary medical diagnostic starts to be appreciated. Using the finite element 
analysis program like Vector Fields Opera 3D the characteristics of NMR-MOUSE can be 
investigated and better understood. In the following we will present such simulations for the 
static m gnetic fields and radiofrequency magnetic fields in the case of U–shape NMR 
 
.1.1 Characterization of the static magnetic field of U-shaped 

 
 U-shaped NMR-MOUSE is 
oriented along z- direction, which is the direction determined by the north pole of one magnet 
agnetic field in this region. Being a single 
side type of sensor usually the sample to be measured is located on the magnets.  
B0z component into a plane perpendicular to the faces of magnets and in the 
haped NMR MOUSE using the finite element method analysis package from 
ll map of the z component in the plane; b) representation of a restricted area 
ce in the value of the z-component of magnetic field. 
N
ers or in the food industry, detection of 
a
MOUSE and Bar Magnet NMR-MOUSE as well as for a variety of rf coils. 
4
NMR-MOUSE  
The main component of the magnetic fields produced by the
and the south pole of the other magnet. We define the direction of the static magnetic field as 
the z direction. In the homogeneous field this can be well defined in every point as well as in 
the laboratory frame. In the inhomogeneous fields the direction of the magnetic field can be 
assigned just to a local z direction, which is different from voxel to voxel.  
 Not only the direction is different from point to point but also the strength of the 
magnetic field. This is clearly evidentiated in figure 4.1.3(a). As was already discussed the 
large intensity of the magnetic field and from here the biggest inhomogeneities are in the 
proximity of the edge of the magnets. Since the coil is located in the gap between the magnets 
it is more important what is happening with the m
a) b)
Figure 4.1.3 Simulation of the 
middle of them produced by U-s
Vector Fields Opera 3D; a) Fu
characterized by a smallest differen
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Figure 4.1.4 Sim
package from
ulations of the B0z component of static magnetic field using the finite element method analysis 
 Vector Fields Opera 3D in a plane parallel to the faces of magnets for a U-shaped NMR MOUSE 
as a func
magnets
mogeneity of the magnetic field 
 relatively better and is due to the large dimension of magnets in this direction. The big 
homogeneities are along z-direction close to the surface of the magnets (small value of y). 
oing away from the surface the value of magnetic field is decreasing constantly but the 
omogeneity of the magnetic field becomes better in the z-direction. 
In figure 4.1.3(b) is presented a Vector Field Opera 3D simulation of the z 
omponent of magnetic field for a very small variation in the value of the static magnetic 
eld. It is obvious from this figure that the inhomogeneities in the z direction are small than 
ith the inhomogeneities in the y direction.  
Usually the samples are flat, placed on top of the NMR-MOUSE some times are large 
ut some times are very thin. Because of this we are interested to know the characteristics of 
e magnetic fields in the xz plane, which is parallel to the faces of the magnets. The figure 
.1.4 presents the simulated B0z component of the static magnetic field in this plane for 
a) b)
c) d)
tion of the distances to the magnets; a) y = 0 mm (on the surface); b) y = 5 mm from the surface of the 
; b) y = 10 mm from the surface; b) y = 15 mm from the surface; 
 
Then we can define also the x- and y-axis. By convention the x direction is parallel to 
the edge of the magnets and y direction being perpendicular to (x, z) plane is also 
perpendicular to the face of magnets. In the x direction the ho
is
in
G
h
c
fi
w
b
th
4
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differen
e. The figure 
.1.4(b) represents the B0z component at 5 mm distance above the surface of the magnets. The 
region close to the edge of the magnets. The shape of the homogeneous region is not so much 
o the magnets like in the figure 4.1.4(a).  
For a bigger distances between the plane and the surface of the magnets we can 
observe a big and homogeneous area in the middle region of sensor, which depend on the 
dimension of the magnets in x-direction and the dimension of the gap as we can see from 
figures 4.1.4(c) and (d). The shape of the homogeneous region in a plane parallel to the faces 
of the magnets depends less and less on the shape of the magnets with the increasing of the 
distance between these planes and the faces of the magnets. In fact looking to the figure 
4.1.4(d) we can see that the shape of the homogeneous area is starting to look like an ellipses. 
Other effect of increasing distance between the plane and the face of magnets is the reduction 
of the area of the region for which the value of the magnetic field is high. That means that 
exists a distance characterized by a maximum area of the homogeneous region in xz plane. 
The problem of large inhomogeneities of the magnetic field in the vicinity of the edge of the 
magnets can be solved by two classical solutions: one of this is to use magnets for which the 
edges are rounded. The second solution is to use on top of the magnet some pole shoes,  
t distances to the surface of the magnets. We are interested in the region above the gap 
between the magnets, because the sensitive volume of the NMR sensor is located there. 
From the figure 4.1.4(a) we can observe a significantly influence of the magnets close 
to the surface of the sensor. Instead of this, in the central region the magnetic field is relatively 
constant, and much larger in the x direction than in the z-direction. In this region the value of 
the magnetic field is lower than the value of magnetic field close to the magnet. At this 
distance the shape of the magnet influences the shape of the sensitive volum
4
value of the magnetic field in the central part of the region has almost the same value than the 
affected by the shape f 
a) b)
Figure 4.1.5 Representation of a map of B0z component of static magnetic field and a vectorial representation of 
the static magnetic field, B0, using the finite element method analysis package from Vector Fields Opera 3D into 
a plane a) parallel to the faces of magnets and b) perpendicular to  the faces of magnets, for a U-shaped NMR 
MOUSE. 
 
Chapter 4.1 Characterisation of New NMR-MOUSE sensors  
by numerical simulation of magnetic fields 
120
usually from iron. Special shape of this pole shoes can also improve also the homogeneity of 
the magnetic fields at larger distances of the magnets. But a secondary and undesired effect of 
the use of the iron pole shoes is the fact that this will conduce to a decreasing of the strength 
of magnetic field. 
In the figure 4.1.5 are represented two vectorial maps of the static magnetic field, B0, 
in two planes one parallel to the faces of the magnets (see figure 4.1.5(a)) and the other one 
perpendicular to  these faces (see figure 4.1.5(b)). The vectorial representation is usefull for a 
direct comparasion between the strength all three components of the magnetic fields. As we 
 already say our interest area is pos ed in the z-direction in the gap region and 
extednded in x direction close to the limits of the magnets and in the y direction until few tens 
of milimeters.  
From figure 4.1.5(a) we can clearly observe that the B0x components of magnetic fields 
has a much smalest value than the others two. Because of the simetry this fact is also expected 
for the zy plane located in the middle of the megnets as we can see from figure 4.1.5(b). It is 
clear that also close to the lateral faces of the magnets the x component of the static magnetic 
eld can be neglected. In the middle of the faces of the magnets the B0y component of static 
magnet
fact that almost in every 
region 
normal to the static magnetic fild. From these 
conside
have ition
field is smallest. 
 In the vertical plane presented in figure 4.1.5(b) the x component of static magnetic 
fi
ic field is predominating. Close to the edge of the magnets the y and z component have 
almost the same intensity and in the middle of the gap area the B0z component is 
predominating. This is clearly indicated by the almost horizontal orientation of magnetic 
fields vectors. In this plane with the increasing of the distance to the magnet, y, we can also 
observe a decrease of the length of magnetic field vectors indicating a decrees in the intensity 
f magnetic field and a decrees in the precession with Larmor frequency of nuclear spins. 
The general ideea that come out from the figure 4.1.5 is the 
the static magnetic field has almost no component in the x-direction. Then we can 
define a plane using the B0z and B0y components of static magnetic field , which is the zy 
plane. In inhomogeneous magneic field the spin response is proportional to the component of 
the radiofrequency magnetic fild which is 
rations if the coil is constructed in such a way that the direction of radiofrequency 
magnetic fild is oriented along x direction then we are ensuring a maximum effiency in 
excitation and detection. This is the case for example with the figure-8 coil placed in the gap 
between magnets, case which will be discussed later. 
 
Chapter 4.1 Characterisation of New NMR-MOUSE sensors  
by numerical simulation of magnetic fields 
121
4.1.2 Characterization of the static magnetic field of bar magnet NMR-
MOUSE 
 
sented in figure 4.1.6(b). If in 
the cen
d by a smallest difference in the value of the magnetic field.
In the interest region the main magnetic fields produced by the bar magnet NMR-MOUSE is 
oriented along z- direction, which in this case is the direction perpendicular to the pole of the 
magnet as we can observe from figure 4.1.6. If for a rectangular bar magnet we can still define 
x and y components of magnetic field for the cylindrically type like those presented in figures 
4.1.2, 4.1.6-8, it is much convenient to use cylindrically coordinates and components of 
magnetic field. 
Again at the edge of the magnets the intensity of the static magnetic field is reaching 
the biggest value. This is clear from the length of the vector pre
tral region of the magnet the main direction of magnetic filed is oriented along z-
direction close to the lateral faces the radial component of magnetic field is the dominant one. 
0z 
the static magnetic field, B0, using the finite element method analysis package from Vector Fields Opera 3D into 
a plane a) parallel to the faces of magnets and b) perpendicular to  the faces of magnets, for a bar magnet NMR 
MOUSE. 
 
a) b)
Figure 4.1.6 Representation of a map of B component of static magnetic field and a vectorial representation of 
Figure 4.1.7 Simulation of the B0z component into a plane perpendicular to  the faces of magnets and in the 
middle of them produced by bar magnet NMR MOUSE using the finite element method analysis package from 
Vector Fields Opera 3D; a) Full map of the z component in the plane; b) representation of a restricted area 
characterize  
a) b)
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The NMR-MOUSE® with a bar-shaped magnet exhibits some advantages in 
comparison with the older u-shaped magnet design: First, the inhomogeneities of the magnetic 
field (see figure 4.1.7(a)) can be described within a good approximation by a constant gradient 
of the static magnetic field B0 in the central part of the magnet extending in the z direction 
from th
e can see better from the figure 4.1.7(b). 
package from Vector Fields Opera 3D into a plane parallel to the faces of magnets for a bar magnet NMR 
 0 mm (on the surface); b) y = 5 mm from the 
surface; b) y = 10 mm from the surface; b) y = 15 mm from the surface; 
 
e pole face into the sample. As a result, the field profile is approximately linear along z 
in a given region, result used later in the chapter 4.5 in order to implement diffusion 
measurement in inhomogeneous magnetic fields, for which the characteristics of magnetic 
field gradients are very important. Furthermore, the constant value of the gradient can be 
useful for 2D imaging with slice selection. For a certain distance from the surface of the 
magnet the profile of the static magnetic field is almost flat, a plane parallel to the pole-face of 
the magnet, as w
Other important characteristic of the magnetic field produced by a bar magnet is the 
relatively large homogeneity into a plane parallel to the pole-face of magnet on large area as 
we can see from figure 4.1.8. This region is decreasing with the increase of the distance to the 
magnet. Also the value of the magnetic field is decreasing with the increase of this z distance. 
 
Figure 4.1.8 Simulations of the B0z component of static magnetic field using the finite element method analysis 
MOUSE as a function of the distances to the magnets; a) y =
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4.1.3 Characterization of different type of radiofrequency coils
 
 
or unilateral NMR with sensors like the NMR-MOUSE® (Nuclear Magnetic Resonance 
il (see figure 4.1.10(c)). Usually for bar magnet NMR-MOUSE® the 
radiofr
inexpensive [2]. The background signal from the protons of PC board has a transverse 
relaxation time of T2eff = 21 to 23 µs, so that the parasite signal decays faster. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.9 Graphical representation (top view) of a meander coil placed in the gap between the two magnets of 
F
Mobile Universal Surface Explorer) different configurations of solenoidal or surface coils can 
be used for different types magnets like those two already presented the classical U-shaped 
and Bar magnet. Depending on the type of application like a meander coil is placed in the gap 
between the magnets of a U-shaped NMR MOUSE® (see figure 4.1.9) multi-turn multi-layer 
solenoidal coil [1], spiral coil (see figure 4.1.10(a)) a figure-8 coil (see also figure 4.1.10(b)), 
or butterfly co
equency coil is a surface coil located on one of the pole faces.  
Planar radiofrequency surface coils are employed, which are milled and etched from a 
standard printed circuit board (PCB) with a thickness of 1.5 mm. This way of manufacturing 
radiofrequency coils assures low acoustic ringing, allows excellent reproducibility, and is 
 
 
 
a U-shaped NMR MOUSE® 
 
 
Chapter 4.1 Characterisation of New NMR-MOUSE sensors  
by numerical simulation of magnetic fields 
124
Figure 4.1.10 Conductor geometries of radiofrequency coils: a) Spiral coil. b) Figure-8 coil. c) Butterfly coil. 
 
 
a) b) c)
Figure 4.1.11 NMR-MOUSE sensors from bar magnets and radiofrequency coils on printed circuit boards. a) 
rectangular block magnet with a butterfly radiofrequency coil. The tuning an matching capacitors are mounted in 
a little box on the side of the magnet. b) Cylinder magnet with a circular arrangement of four figure-8 coils. 
 
The radiofrequency-tank circuit is placed in a small box at one side of the magnet 
(figure 4.1.11), and the capacitors are mounted in the box next to the PCB with the 
radiofrequency coil. This construction allows for short leads, so that the sensitivity to external 
noise is low. Short leads are important, because the NMR-MOUSE is an unshielded system, 
and all wires function as antennas. Furthermore, the resistance of the radiofrequency-tank 
circuit is small, and consequently the quality factor Q can be high for high sensitivity during 
detection. The signal-to-noise ratio (SNR) is proportional to Q  of the receiving resonance 
circuit [3] and to the filling factor ρ of the coil according to ρ = Vsample/(2 Vcoil), where Vsample 
is the volume of the sample detected by the coil and Vcoil is the sensitive volume of the coil 
[4]. In conventional and in inside-out NMR experiments with planar surface coils the sample 
is located on one side of the coil and the filling factor of the coil is at best ½.  
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Meander coil 
 
NMR-MOUSE with meander coil was specially projected to be use in unilateral magnetic 
resonance relaxometery and NMR imaging of thing objects, using the coil capability of 
projecting a radiofrequency magnetic field in a small distance from the surface of the coil. It 
allows to provide NMR measurements from the surface of the objects, increases the signal-to-
noise ratio of NMR measurements from thing samples using the whole sensitive volume of the 
coil and decreases the magneto-acoustic signals from metallic objects located behind the coil. 
The simulation of the radio frequency field of the meander coil shows that it has very 
small sensitive volume located quite near the surface of the coil. As is to be expected the 80-
90% of the sensitive volume is located on the distance of d/2 (see figure 4.1.12(a) to (d)), 
where d – is the distance between the turns of the coil. Simulation of the dependence of 
magnetic field intensity produced by meander coil as a function of penetration dept for 
different distances between layer demonstrates nearly linear behavior till 0.3 mm for d = 4 
mm. For the higher thickness of the sample it is necessary to increase the distance between the 
turns of the coil.  
 radiofrequency magnetic field for a meander coil (see figure 4.1.9) with different 
istances between turns: a) d = 0.5 mm; b) d = 1 mm; c) d = 2 mm; d) d = 4 mm. 
a) 
c) d) 
b) 
Figure 4.1.12 Simulation of
d
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Figure 4.1.13 Simulation of radiofrequency magnetic field for a meander coil (see figure 4.1.9) with different 
distances between layers: d = 0.5, 1, 2 and 4 mm as a function of penetration depth. 
 
Construction of NMR -MOUSE with meander coil those presented in figure 4.1.9. The 
static magnetic field is generated by two antiparallel permanent magnets positioned on an iron 
yoke in the horseshoe geometry. On the both sides of the magnets there are parts with higher 
e inhomogeneities of the magnetic field in the gap from10% to 5%. The meander coil is 
printed
 
The crazy coil NMR-MOUSE is using a radiofrequency coil which is a particular 
variant of a meander coil designated to work with a single bar magnet (see figure 4.1.14). Its 
magnetic field was simulated with the finite element analysis program Vector Fields 
OPERA-3D. 
 
dimensions for increasing the homogeneity of magnetic field in the gap. It allows decreasing 
th
 on a circuit board, which gives low background signal. The short dead time of the 
NMR-MOUSE with meander coil (about 15 µs) permits the measurement of rapidly relaxing 
signals. In order to use the best homogeneity of the magnet as was shown already the coil 
must be placed on 1.2 mm distance from the surface of the magnets. The NMR -MOUSE with 
meander coil is as an extraordinary sensor with very shallow penetration depth. 
 
Crazy coil 
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Changing the form of the simple meander 
coil to that of a meander coil with wiggles results 
in the “crazy coil” and produces new components 
B1y (figure 4.1.15(b)) of the radiofrequency field 
generated in addition to B1x (figure 4.1.15(a)) 
which are close to there of zero to the simple 
meander coil. Furthermore, the transverse 
radiofrequency field 22 BBB +=  (figurey1x1xy1
4.1.15(c)) of the crazy coil covers higher surface 
area than that of a simple meander coil with the 
same dimensions. From the z dependence of the 
transverse radiofrequency field (figure 4.1.15(d)) 
it is obvious, that the sensitive volume associated 
with the surface frequency is located largely within the distance of much less than 1 mm from 
the coil. The cond
Figure 4.1.14 Bar-magnet NMR-MOUSE with
and definition of the coordinate system 
 
uctor spacing can adjust the particular value of this distance.  
The sensitive volume of the crazy coil is located within a distance less than 0.25 mm 
fr he coil surface, Clearly, the crazy coil positioned at the face of a bar magnet constitutes 
a unilateral NMR sensor suitable for shallow penetration depths. With it NMR measurements 
at the surface of objects or of thin samples can be conducted with comparatively good signal-
to-noise ratios corresponding to a high filling factor [10].  
 
Spiral coil 
 
A spiral coil for use with a bar magnet consists for example of eight concentric turns with a 
radial period of 0.5 mm and an outer diameter of 18  (figure 4.1.10(a)). Such a coil works 
well with the bar magnet geometry of the NMR-MOUSE®, where the radial component of the 
B1 field is exploited. It is evident from a measurement of the radial component that a circular 
spiral coil generates a disk-shaped radiofrequency field with a hole at the centre and nearly 
radial symmetry (more about this in chapter 4.5 where such a coil was used in the 
measurement of self-diffusion anisotropy). The penetration depth of the spiral coil in z 
direction is about half its radius. Due to the hole in the sensitive volume at the centre the coil 
is not well suited for imaging with a bar-magnet NMR-MOUSE®. The main disadvantage of 
this coil is that it is sensitive to external noise. 
 
crazy coil for measurement of thin surface layers
 mm
om t
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Figure 4.1.15 Simulation of the radiofrequency magnetic field components for the crazy coil. a) B1x. b) B1y. c) 
Magnitude B1xy = (B1x2 + B1y2)1/2 of the transverse components, which is defining the shape of the sensitive 
volume. d) Dependence of B  on the distance z from the face of the magnet for different positions x at y = 0. 
 
 
Figure 8 coil 
 
Two spiral coils connected in series with opposite directions of the windings form a 
figure-8 coil (figure 4.1.10(b)). As the external noise induces the current in
 
0 
d) 10  
 
 
 
 
 
 
 
 
 
 
b)a) 
c) 
5 
1xy
 the opposite 
irections in the windings the coil cancels it effectively. The figure-8 coil is also used 
n the standard NMR-MOUSE® with a u-shaped magnet system because of its 
igh sensitivity, good penetration depth, and short background signal [2]. The transverse 
compo
nts possess relatively high values.  
d
successfully i
h
nents B1x and B1y of the figure-8 coil which are effective for excitation and detection in 
the bar-magnet NMR-MOUSE have been simulated using the finite element analysis program 
Vector Fields OPERA-3D (figure 4.1.16(a) and (b)). In most parts of the transverse plane 
both compone
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c) 
a)  
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Figure 4.1.16 Simulation of the radiofrequency magnetic field components B1x and B1y for the figure-8 coil 
Magnitude B  = (B 2 + B 2)1/2 of the transverse components, which is effective in defining the sensitive 
A pseudo sensitive volume can be estimated by the magnitude of the transverse 
component, B1xy, which is orthogonal to B0z (see figure 4.1.16(c)). According to the figure 
4.1.16(d) this transversal component is strongest in the centre between the loops of the figure-
Two figure-8 coils placed anti-parallel side by side form the butterfly coil see figure 
4.1.10(b) and 4.1.10(c). It can cover the pole face of a rectangular bar magnet more efficiently 
than a single figure-8 coil (figure 4.1.11(a)). In fact the total sensitive volume of the butterfly 
coil consists more or less of four separate regions. This is illustrated in Fig. 8b with a 
simulation of the transverse field B1xyat z = 1.5 mm distance from the coil.  
which are perpendicular to the static magnetic field B0z in the bar magnet NMR-MOUSE. a) B1x. b) B1y. c) 
1xy 1x 1y
volume. d) Dependence of B1xy on the distance z from the face of the magnet for different positions x at y = 0 
 
8 coil. Given an outer dimension of 12 mm of the external loop of the figure-8 coil, the 
penetration depth of this coil using a bar magnet for B0 is limited to less than 5 mm (see figure 
4.1.16(d)). 
 
Butterfly coil 
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b)a) 
Figure 4.1.17 Simulation of the transverse radiofrequency field B1xy for a butterfly coil: a) on the surface of 
the coil; b) at 1.5 mm distance from the surface of the coil. 
 
 
 
 
 
 
 
 
 
Figure 4.1.18 Typical samples for rubber process analysis.  
 
The total sensitive volume is increased by more than a factor of two compared to that of a 
figure-8 coil with the same size. 
 
 particular application of the NMR-MOUSE® is in measuring rubber test samples for 
bber Process Analyser (RPA) in order to obtain reference NMR parameters 
r non-destructive product and quality control. Such samples are circular rubber sheets with 
riffles 
 a ring to probe the RPA test sample.  
 
RPA coil 
A
example of a Ru
fo
(figure 4.1.18) where the tensional deformation is routinely measured during 
vulcanisation to follow the formation of cross-links. The relevant sample volume of interest is 
the broad ring with the riffles. Nothing, that the B0 field of axially magnetized cylindrical bar 
magnets possesses cylindrical symmetry, and making use of the favourable properties 
obtained by combining figure-8 coils, four such figure-8 coils are grouped on a ring matching 
the sample region of interest for maximum sensitivity. The resultant RPA NMR-MOUSE® 
(figure 4.1.11(b)) has been developed in collaboration with INTECH-Thüringen AG. The 
transverse radiofrequency field distribution in xy plane at z = 1.5 mm has been simulated 
(figure 4.1.10(a)). Sensitive regions are located on
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
igure 4.1.19 Simulation of transverse radiofrequency fields B1xy for the RPA NMR-MOUSE (cf. figure 
istribution at z = 1.5 mm for four figure-8 coils arranged on a circle. b) Field distribution at 
f the figure-8 coils. c) Dependence of the transverse field of one figure-8 coil at the distance 
 from the coil 
At 19.5 MHz the penetration depth of the coil is up to 3 mm, which is in agreement 
with simulation made for one of the figure-8 coils (figure 4.1.19(b)) and the dependence of the 
transverse field strength B on the distance z from the coil (figure 4.1.19(c)). With the 
RPA NMR-MOUSE  a signal-to-noise ratio of better than 5 is obtained with three scans on 
styrene-butadiene rubber (SBR) sample for a Hahn echo with an echo time of 65 µs. 
 
 
c) 
 
 
 
 
 
 
F
4.1.11(b)). a) Field d
z = 1.5 mm for one o
z
 
1xy
®
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To optimise the sensitivity, the B1 field lines need to be confined just to the region of 
interest, and the B0 field should be constant within that region. Approximately planar sensitive 
volumes are achieved in the central part of a simple bar magnet, which exhibits a linear 
gradient field as a function of distance from the pole face with a field gradient of the order of 
15 - 20 T/m (see also chapter 4.5). The definition of the planar sensitive volume can be 
improved by shaping the pole face and by using suitable shims. The confinement of the B1 
field lines to a thin slice near the coil is achieved by suitable choice of the radiofrequency coil 
and positioning of the coil at a proper distance a few millimetres away from the magnet face.  
diofrequency coils can be employed, but the figure-8 coil concept provides better sensitivity 
and higher immunity to external noise. Furthermore, the leads of the radiofrequency circuit 
can be kept short. Combinations of figure-8 coils yield better coverage of the magnet pole 
faces for square block magnets and cylindrical magnets, and even better gains in the size of 
the effective sensitive volume. For example, the butterfly coil consists of two figure-8 coils 
but accesses the bigger sensitive volume for thin samples. Different geometrical arrangements 
ple geometry. This has been demonstrated 
®
 planar sensitive volume and the linear field dependence on 
istance make the bar-magnet NMR-MOUSE® geometries particularly interesting for 2D 
is concluded, that unilateral NMR with bar magnets bears superior potential for 
production, applications, and methodical innovation than conventional NMR-MOUSE® 
NMR-MOUSE® sensors from bar magnets are simple to construct. Conventional spiral 
ra
of figure-8 coils can be adapted to follow the sam
for a NMR-MOUSE  specifically designed to test the samples produced by the rubber process 
analyser. Moreover, the extended
d
imaging. It 
sensors with u-shaped magnets. 
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4.2 The NMR signal in strongly inhomogeneous magnetic fields 
 
4.2.1 The theorem of reciprocity 
 
The signal induced by the magnetic moment m
r
, of a volume element ∆V of the sample at 
position r
r
 (see fig. 4.2.1), in the receiver coil, conform with the theorem of reciprocity, is 
given by [Bali1]: 
( ) ( ) ( ) ( )[ ]
t
A1I,rbt,rm
t
rre receiverm ∂
=⋅∂−==∂
Φ∂−=
rrrr
K
rr   (4.2.1) 
were ( ) ( ) ( )A1I,rbt,rmr RFm =⋅Φ rrrrr  is the magnetic flux through the coil created by the 
magnetic nt ( )t,rm rr  of the voxel from position rr and elementary volume∆V; 
agnetic flux density who will be produced in position ( )I,r =r  is the corresponding mbreceiverr
r
r
 if through the coil will flow a current of I = 1 A.  
=
 mome
A1
( )t,rm rr , can be written as: Nuclear magnetic moment, 
( ) ( ) ( ) ( )kt,rmjt,rmit,rmt,rm zyx rrrrrrrr ++=    (4.2.2) 
and  is given by: ( )A1rbreceiver =rr I,
( ) ( ) ( ) ( vz,receivervy,receivervx,receiverreceiver kA1I,rbjA1I,rbiA1I,rbA1I,rb vvv )rrrrrrrr =+=+===    (4.2.3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2.1 A schematic representation of a static and radiofrequency magnetic fields together whit the 
magnetic moment of a voxel. 
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Usually, for high field NMR it is possible to define the z direction in laboratory frame
accordi
 
ng to the direction of static magnetic field. But in the case of highly inhomogeneous 
magnetic field in laboratory frame the directions of static and radiofrequency magnetic fields 
can be randomly orientated in space (see fig. 4.2.2(a)) and are changing with position. In the 
reference frame related to the elementary volume, called voxel, we could choose the zv-axis to 
be along the direction of local magnetic field ( )rB rr  and x -axis along the direction of 
A1I,rb n,transmiter
rr  magnetic field (fig. 2.2.2(b)). There are two possibility: 1) the transmitter 
and the receiver coil are the same so the xv-axis is along the direction of ( )A1I,rb n,receiver =  or 
v,0
( )=
rr
2) we c
n,receiver
v
an perform a rotation in order to go in to a system in which we can choose the xv-axis 
along the direction of ( )A1I,rb =rr . In such a system, where the component along the y  
v00 kBrB
rrr =      (4.2.4) 
and 
( ) ( ) ( ) vt,receivervn,receiverreceiver kA1I,rbiA1I,rbA1I,rb =+===  (4.2.5) 
( ) ( ) ( ) ( )krmjt,rmit,rmt,rm
vvv
rrrrrrrr ++=    (4.2.6) 
r t,receiverzn,receiverxm vv
rrrrr  (4.2.7) 
then, because the term along the zv-axis is constant in time, the signal in coil is: 
( ) ( ) ( ) ( )A1I,rbt,rmrre xm v =⋅∂−=Φ∂−= rr   (4.2.8) 
v
direction is zero, we have: 
( )
rrrrrr
vzvyvx
and the magnetic flux became: 
( ) ( ) ( ) ( ) ( A1I,rbrmA1I,bt,rmr =⋅+=⋅=Φ )
tt n,receiver∂∂
rr
a) b)
Fig. 2.1.2 Relative orientation of static and radiofrequency magnetic fields of an mobile NMR sensor: a) in 
laboratory referential frame b) into a frame related to the voxel. 
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In order to compute the signal we are interested to know the magnetic moment along 
e xv direction. The value of ( )A1I,rb n,receiver =r
0 eld produ
th  can be computed if we know the static 
ced by coil (receiver coil), which can be 
taken from two files (numerical maps) as an input for the simulations. 
The nuclear magnetic moment is given by: 
magnetic field, B
r
, and the magnetic fi
Ihγ=µ rr ,            (4.2.9) 
 were, I
r
is the spin nuclear magnetic moment, and the spin Hamiltonian can be written as: 
IˆBB-ˆ 00 h
rv γ−=µ=H .     (4.2.10) 
 4.2.2 The free
 
W n by: 
 
 
 evolution period and the effect of radio frequency pulse 
e define a positive rotation around the z-axis, give
( )
(
( ) ( )








θθ
θ
=θ
100
0cossin
cos
R z
) ( )θ− 0sin
,  
as a rotation that for  the +x will be transposed in +y (see fig. 2.1.3). 
In the same manner it is possible to define the rotation around x-axis and y-axis: 
, 
  (4.2.11) 
090=θ
( ) ( ) ( )
( ) ( ) 







θθ
θ−θ=θ
cossin0
sincos
001
R x ( )
( ) (
( ) ( )







θθ−
θθ
=θ
cos0sin
010
sin0cos
R y0
)
. (4.2.12) 
hen if the rotation is called positive and ifT  0>θ  0<θ is a negative rotation. 
 
igure 4.2.3 The definition of a 
sitive rotation with an angle θ of a 
ctor and the equivalence with a 
gative rotation of coordinate 
stem related to voxel: a) a vector 
 
a) b)
c) d)
 
 
 
 
F
po
ve
ne
sy
r
r
 pointing along x-coordinate; b) a 
ctor r
r
nat r
r making an angle θ with x-
ordi e; c) a rotation of vector 
ve
co  
with
rotation of reference frame with 90  
in n
 900 in positive direction; d) a 
0
egative direction. 
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Figure 4.2.4 A radiofrequency magnetic field can be considere
performing a rotation with the same frequency but in opposite directions. 
 The evolution of a magnetic moment as a precession around the magnetic field 
oriented along the positive z direction is described by: 
 
 
 
 
d composed of two component, which are 
 
( ) ( )tRtBR v,0zv,0z ω=γ− ,    (4.2.13) 
and is (in the above sense) a negative rotation. 
 The radio frequency field ( ) ( ) ( )TRTRmax11 tcosIA1I,rBt,rB ϕ+ω⋅== rr  can be 
decomposed in two fields, which are performing rotations around the zv-direction in opposite 
directions (see fig. 4.2.4). Just one of this component can induce a trans and
component which has the same sense of rotation as the magnetic moment which is precesing 
around the magnetic field B0,v. So it has to be a negative rotation. 
 It is difficult to describe the evolution of magnetization in the laboratory referential 
system, or even in reference frame related to the voxel. In the reference frame related to voxel 
the positive direction of zv-axis is chosen in such a way that the magnetic field is along an 
axis. After a long enough time the total magnetization at thermal equilibrium in voxel is 
orientated also along of this direction. Along the negative direction of zv-axis is orientated 
ition,  is the 
v,0v,0 Bγ−=ω
because 0v,0ω
with angular speed 
, and as a consequence the magnetic moments precession is in a negative sense, 
. As a consequence of this we shall go in a rotating reference frame (RRF), 
. 
<
TRω
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ith ωTR in the ne
h the same ωTR but in 
opposit ating frame in which the magnetization is 
stationary. In both cases we have an effect given by 
The passage in RRF (ωTR) can be regarded in two different ways: as a passage in to a 
system which is doing a rotation w gative sense (see fig. 2.2.3(c)). Or from the 
same referential system we can regard the magnetization which is doing its own rotation and 
then we catch the magnetization and force to perform a rotation wit
e sense (see fig. 2.2.3(d)). The result is a rot
( )tR TRω−z . If we combine with 
precession we have the evolution in the rotating frame: 
( ) ) ( ) ( ) ( )[ ] ( )[ ]( tBRtRtRtRtBE TRv,0zTRv,0zTRzv,0zTRv,0 ω+γ−=ω+ω=ωω=ω+γ−  (4.2.14) 
  In this rotating reference frame we have: a magnetization, Mv along the positive 
direction of zv-axis; an offset v,0TRv,0TRv Bγ−ω=ω+ω=ω∆  and nv B ,1,1 γ−=ω  in the xvyv 
plane. That means that if the pulse has the phase x then v,1ω  is oriented along the negative yv-
xis.  
f 5 rotations, around y and z-axis: 
a
  In generally a pulse can be described like a series o
( ) ( ) ( ) ( ) ( ) ( )TRzvyv,effyvyTRzTRv,eff RRtRRR,tP ϕθωθ−ϕ−=ϕω   (4.2.15) 
Fi ribed by a succession of five rotations; a) the initial state with the 
is on and the phase of the pulse is ϕTR; First rotation is around z axis with the 
ion is around y axis with the angle θ from (b) to (c); The third rotation is 
 (c) to (d); The fourth rotation is around y-axis with the angle -θ from (d) 
 with the angle -ϕTR.  
 
gure 4.2.5 Any pulse can be desc
magnet ation pointing along z directi
angle ϕTR from (a) to (b); Second rotat
again around z axis with the angle ωefft
to (e); The last rotation is around z-axis
 
a) b) c)
) e f) d ) 
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Where an effective ω was defined as 2 v,12vv,eff ω+ω∆=ω , which makes an angle 
( )v,effvv arccos ωω∆=θ  with positive sense of zv-axis. ωeff,v is in (xvzv) plane. 
The first rotation Rz(ϕTR) will align the ω1,v along negative direction of xv-axis. The 
agnetisation will remain oriented along the zv axis. The second rotation  will align 
ow the effective omega, ωeff,v, along z direction. At this stage we can take into account the 
recession of magnetization (which is no longer along the zv-axis but is rotated around the yv-
xis in negative sense with a angle θ, where θv ∈[0,180], and now is in (xv0zv) plane) around 
v-axis conform to Rz(ωeff,vt). As a result the magnetization will have components along of all 
ree axis. With next two rotations we are bringing the circular frequencies, ∆ωv and ω1,v into 
e original directions.  
In terms of density matrix, 
  
( )vyR θm
n
p
a
z
th
th
( )0vρ , can be written at initial time as: 
( ) ( )

=

∝ρ 00C0 v,yv
( )  00C v,x
( )
.    (4.2.16) 
puted: 
 10C v,z
 The effect of the first pulse can be very easy com
( ) ( ) ρ⋅ω=

∝ρ tPtCt v,eff90v,y90v
( )
( )
( )
( )







0C
0
tC
v,z
v
90v,x ( )
( ) ( ) ( ) ( ) ( ) ( )
( )
.  
 As a result of this pulse the magnetisation is tipped, and starts to presses around the local 
static magnetic field. This evolution van be described in the rotating frame by: 


ϕθωθ−ϕ−=

0C
0CRRtRRR
tC
v,y
v,x
TRzvyv,effyvyTRz
90v,z
(4.2.17) 
( ) ( )
( )
( )



⋅ω=ρ⋅ω∝ρ tCtRttEt .( ) ( )



90v,z
90v,y
90v,x
v,0z90vv,0v
tC
tC
 In the NMR receiver coil will be induced a voltage, e, with the value given by the 
ime of magnetic flux. We can compute the time-variable flux by multiplying the 
rr
RF
rr
r , which is along the 
positive direction of the xv-axis of the voxel. 
 The flux can be written: 
( )

   (4.2.18) 
variation in t
magnetization,  with ( )t,rm ( )A1I,rb =
agnetization that is oriented along the ( )A1I,rb n,RF =
. So, we are interested only in the evolution of that 
component of m
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( ) ( ) ( ) ( )[ ]
Iv,0v,yv,0v,xvx,vvv,m
tsinCtcosCAtAt ω−ω=ρ=Φ ,   (4.2.19) 
where A  is a constant and designated to make the connection between the spin components 
and the magnetic moment of a voxel (see chapter 4.5). As results from equation (4.2.8) only 
the x component was taken into account. In order to generalize the equation 4.2.9 the time 
associated with Ci,v constant was skipped. 
 The induced signal in receiver coil is given by: 
( ) ( )[,m tΦ∂
v,x
v
( )
( ) ( )[ ]* v,y
Iv,0v,yv,0v,xv,0v
v
tcosCtsinCA
tcosCtsinCA
t
ω+ω=
ω+ωω=∂= -e ] ,   (4.2.20) 
tly the coefficient of y-compon
v,yIv,0v,yv,0v,xv
and we can note that this is exac ent.  
 If we consider that: 
( ) ( ) ( ) ( ) ( )αω−αω=α+ω sintsinBcostcosBtcosB v,0v,0v,0 .   (4.2.21) 
By identification of equation (2.2.19) with equation (2.2.20) we get: 
( )
( )α=
α−=
cosBCA
sinBCA
v,y
*
v
v,x
*
v ,     (4.2.22) 
and 
( ) ( )v
v,y
v,x
v
2
v,y
2
v,x
*
v
tg
C
C
tg
BCCAB
α=−=α
=+=
.    (4.2.23) 
Then the signal from a voxel can be written as: 
( ) ( )vv,0v,0 tcos α+ω=ω vBve .       (4.2.24) 
hich the amplitude Bv, circular frequency for w v,0ω α and phase v  are a function of the voxel.  
 
 
4.2.3 The sensor and receiver filter 
 
At this point it is most convenient to implement the filter. Taking into account the sensor filter 
like: 
( ) 2
RXv,02
,0RX
RXv,0
Q1
iQ1
Q,,f




ω
ω−ω
ω+
 ω
−ω−=ωω ,      (4.2.25) 
v,0RX
v
RXv,0

 ωω
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were Q is the quality factor, ωRX is the sensor  multiplied with 2π and ω0,v resonator frequency
is the NMR frequency of the voxel multiplied with 2π. 
  It is much easier to implement the complex filter if it is written as: 
( ) 







ω
ω
ω
ω



ω−+
=ωω v,0RX
v,0
RX
RX
v,02
RXv,0 e
Q1
1Q,,f ,  (4.2.26) 
  This filter will affect the amplitude and the phase of the signal. 
( ) ( ) v,0RXv,0RXv,0 eQ,,fAQ,,f ωω=ωω ,   (4.2.27) 
where 
  −⋅−

ωω
ω
RXv,0Qtanai
2
 
( )if ωϕ
( )
( )








ωω
ω=ωωϕ
 ω
−ω+
=ωω
v,0RX
v,0
RXv,0
v,0RX
RXv,0
QtanaQ,,f
Q1
1Q,,fA
 ωω
2
RXv,02
ω− RX
,     (4.2.28) 
 filter. 
 In the same manner the receiver filter can be implemented: 
are the amplitude and the phase respectively, of the NMR sensor
( ) i0
f2
1
1f,,S
8
c
RXv,0
cRXv,0filter ⋅+




⋅π
ω−ω+
=ωω .   (4.2.29) 
 
 
se (b) of sensor filter function on the offset frequency, for 
Q = 20 and ω0,v = 500 kHz. 
a) b)
Figure 4.2.6 The dependence of amplitude (a) and pha
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Figure 4.2.7 The amplitude of receiver filter function over frequency, for fc = 5 kHz and . 
 
 
The NMR signal is a multiplication between the equation 2.2.14 with the product of the 
r response and the receiver filter give by equations 4.2.28 and 4.2.29: 
kHz500=ω )RX(TR
4.2.4 The quadrature detection 
senso
( ) ( ) ( ) ( )( )v,0vv,0RXv,0TRv,0v,0 ftcosfc,,Q,,fA ωϕ+α+ω⋅ωω⋅ωω=ω vfilter BSve  (4.2.30) 
  Because of the last two terms it is possible that by in
does not begin with maximum amplitude.  
e, is split in two and multiplied one 
with  and the other with 
tegration over all voxels the signal 
  In quadrature detection, the signal from the coil, 
( )δ+ω tcos TR ( )δ+ω tsin TR  (where is the eceiv  phas
4.2.1). 
After the low pass filters can be rewrite: 
 δ  r er e) (see fig. 
( ) ( ) ( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ([ ]v,0vTRv,0RXv,0TRv,0moddev,y
v,0vTRv,0RXv,0TRv,0moddev,x
ftsinfc,,Q,,fADtS
ftcosfc,,Q,,fADtS
ωϕ+δ−α+ω+ω⋅ωω⋅ωω⋅= )
ωϕ+δ−α+ω+ω⋅ωω⋅ωω⋅=
vfilter
vfilter
BS
BS
, 
(4.2.31) 
In reality the receiver coil will detect a signal from all sample, so we have 
to integrated over all voxels: 
where, Ddemod is a demodulation factor. 
   
( ) ( )
( ) ( )∫
∫
=
=
voxel
dVtv,yStyS
voxel
dVtv,xStxS
.     (4.2.32) 
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Figure 4.2.8 The schematic representation of quadrature detection  
 
 The magnitude is given by: 
 
( ) ( )[ ] ( )[ ]2y2x tStStS +=         (2.2.33) 
 
 
4.2.5 The NMR coefficients 
 
A summary of NMR signal coefficients is presented here. The Larmor frequency is given by: 
v,0v,0 Bγ−=ω          (4.2.34) 
In the inhomogeneous magnetic field we cannot speak about a perfect condition of 
resonance, excepting maybe some voxels. Then in the majority of voxels an effective circular 
ency can be defined: 
 
frequ
2
v,1
2
vv,eff ω+ω∆=ω      (4.2.35) 
with the components: 
v,0TRv,0TRv Bγ−ω=ω+ω=ω∆           (4.2.36) 
and: 
( )
2
IA1IB maxv,n,1v,1 ⋅=⋅γ−=ω           (4.2.37) 
The αv angle: 

−=α
v,y
v C
arctan  v,xC          (4.2.38) 
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 The total magnetisation per volume unit [Cane1]: 
( ) ( )
Tk3
1IIB
Tk4
B
B
0
22
B
0
22 +γ=γ=µ= βα hh NNP-PNM
gen in
0    (4.2.39) 
nd if we take into account that Ihγ=µ , can be rewritten as: vAa
( )
( )
( )A1IbBA
V
Tk4
A1IbB
AA
V
Tk4
A1IbB
A
v,n,1
2
v0,
*
v
B
v,n,1
2
v,0
23
vv,0
*
v
B
v,n,1v,0
22
v
=⋅=
∆=γ−=ω=
∆=γ=
r
r
h
rr
h
K
N
N
   (4.2.40) 
here: w
Tk4 B
23 V∆γ−= hNK     41 (4.2. ) 
 unit, γ is gyromagnetic ratio,  Planck’s constant, kB 
olt nn’s constants, T temperature in K, magnetic field B0 from a voxel and 
4.2.6 Numerical simulation of the Hahn echo and the stimulated
and, N is number of spins per volume h
zma v,0BB
V∆ volume of the voxel. 
 
 echo 
 
The equilibrium density operator is: 
( ) zI0 ∝ρ       (4.2.42) 
Over the density operator at initial time ulse) we apply the following sequence of 
operator
(after “900”p
s: 
( )90tρ z* v,zy* v,yx* v,x ICICIC ++=    (4.2.43) 
and the coefficients can be write as: 
( ) ( ) ( )[ ]
( ) ( )
( ) ( w90 v,eff902
w
90
v,eff
90*
v,y
w
90
v,eff
9090*
v,x
tcosin
tsinsinC
tcos1sincosC
ωθ
ωθ−=
ω−θθ=
( )902* v,z scosC +θ= )
   (4.2.44) 
r whfo ich we get: 
=ω90
  (4.2.45) 
 ω
ω+ω∆=ω




ω
ω∆=θω+ω∆
180
v,eff
2
v,1
2
v
180
v,eff
90
v,eff
v902
v,1
2
vv,eff
4
arccos
 ω∆=θ v180 arccos
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After the 1800 pulse, the density operator is: 
( ) [ ]v,zv,zv,yv,yv,xv,xv ICICICt ++=ρ    (4.2.46) 
and the coefficients are given by: 
( ) ( ) ( ) ( )[ ]
( ) ( ) ( )
( ) ( ) ( ) ( )[ ]
( ) ( ) ( )
( ) ( ) ( )[ ]{ }






ω−θθ






θωϕ+ϕ−ω−τω−
ωθ+θϕ+ϕ−ω−τω−






θωϕ+ϕ−ω−τω−
ωθ+θϕ+ϕ−ω−τω
=
w
180
v,eff
180180*
v,z
180
w
180
v,eff
2p
TR
1p
TRwTRv,0
w
180
v,eff
180218022p
TR
1p
TRwTRv,0*
v,y
180180
v,eff
2p
TR
1p
TRwTRv,0
w
180
v,eff
180218022p
TR
1p
TRwTRv,0*
v,x
v,x
tcos1sincosC
costsintcos
tcoscossintsin
C
cossintsin
tcoscossintcos
C
C  
( ) ( ) ( )
( ) ( )
) (
( ) ( ){ }




θω



ωϕ+ϕ−
θωϕ+ϕ−ω−τω




 θωϕ+ϕ−ω−τω−
=
180
w
180
v,eff
*
v,z
w
180
v,eff
2p
TR
1p
TRw
180
w
180
v,eff
2p
TR
1p
TRwTRv,0*
wv,effTRTRwTRv,0
180
w
180
v,eff
2p
TR
1p
TRwTRv,0*
sintsinC
tcost
costsintsin
t
costsintcos
C  
( ) (  ωϕ+ϕ−ω−τω− 1802p1pv,x costsinC )
( )
)
    (4.2.47) 
(  ω−τω− TRv,0v,yv,y cosC
( ) ( ) ) ( )[ ]
( ) ( ) ( )
( ) ( ) ( ) ( )[ ]
) ( ) ( )
( ) ( ) ( ){ }








θωϕ+ϕ−ω
ω−θθϕ+ϕ−ω−τω−






θωϕ+ϕ−ω−τω+
ωθθϕ+ϕ−ω−τω+
=
18018021802*
180180
v,eff
2p
TR
1p
TRwTR
w
180
v,eff
1801802p
TR
1p
TRwTRv,0*
180180
v,eff
2p
TR
1p
TRwTRv,0
w
1
v,eff
18012p
TR
1p
TRwTRv,0*
v,x
v,z
sinsint
tcos1cossintsin
C
sinsintsin
tcos1cosintcos
C
C  
( − 8080 s
(  −τω+ v,0
v,y cos
 ωθ+θ wv,effv,z tcossincosC
 
 In the figure 4.2.9 is plotted the simulation of
Figure 4.2.9 Simulations of Hahn Echo in inhomogeneous magnetic field. The real part of the signal is plotted 
with fine continuous line; the imaginary part of the signal is plot
of the signal with dotted line. The echo was simulated for a) 10000 voxels and b) 265000 voxels in sensitive 
volume. The echo time is τ = 2 ms. 
 a Hahn Echo, which is obtained after a 
τ−−τ− 0y18090  pulse sequence. None of these pulses are truly 900 or 1800. In the left figure 
the number of voxels was small, 10000, which is reflected into a big noise (see fig. 4.2.9(a)).  
0
x
a) b)
ted with large continuous line and the magnitude 
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Figure 4.2.10 Three-pul uence for simulations of stimulated echo and Hahn Echo in inhomogeneous 
mag  the signal is plotted with fine continuous line; the imaginary part of the signal is 
otted with dotted line.  
 
inated 
the echo is a classical absorption line and the imaginary 
part is a classical dispersion line.  
In the following we shall skip the presentation of the expression of the density operators 
because these expression became to complicate and are not giving new information. The 
computing of the Ci,v coefficients, whit (i = x, y or z) and from here the NMR signal are 
performed by a C++ simulation program.  
numerical simulation after a 
pulse sequence. The time distance between those two refocusing pulse was chorused arbitrary. 
In this case we can recognize the stimulated echo, which appear
impulse. This duration is in fact the time distance between the tipping pulse (the first one) and 
se. The secondary Hahn echo appears after a time τ’ after the last impulse. 
This duration is time distance between the first Hahn echo and second refocusing pulse. By a 
judicious choose of the τ’ versus τ those echoes can be superposed an
echo became more intense. 
 
se seq
netic field. The real part of
pl
By a simple increase of the number of voxels the numerical noise can be elim
(see figure 4.2.9(a)). The real part of 
In figure 4.2.10 is presented a t180'18090 0y0y0x −−τ−τ−−τ−  
 after a time τ after the last 
first refocusing pul
d in this way the new 
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4.2.7 Numerical simulation of CP and CPMG echo trains 
 
are obtained by a simple repetition of 180 refocusing 
pulses and the evolution period whit a number equal with the desired number of echo. The 
Carr-Purcell (CP) sequence is: 
A CP or a CPMG pulse sequences 
[ ]n0x0x echo18090 τ−−τ−−τ−    (4.2.48) 
where by echo we understudy one point, which represent the maximum amplitude of the echo. 
In figure 4.2.11 we can see such a numerical simulation of the first 5 echoes that 
appears after a so-called alternating CP pulse sequence is applied. There is a plotted only a 
small region around the echo. As we just discussed in the last section the firs echo is smallest 
than the others, which is a well know feature of such pulse sequence. he s ond e
those which are follow are biggest because in fact each echo is a superposition between two 
echoes, stimulated echo and secondary Hahn echo. The fully superposition of the mixed 
Hahn-stimulated echoes can be reach only if the following pulse sequence is applied (see 
figure 4.2.12(b)): 
T ec choes and 
[ ]n0x0x echo'18090 τ−−τ−−τ−    (4.2.49) 
where π+τ=τ 90t2' , and t90 is the duration of 900 pulse. In our case n is 4. 
That means that the maximum of the echo not appears at half of the distance between the 
1800 pulses, and the distance between this two pulses is not double of the distance between 
0 pu 0
 
 
90 lses and first 180  pulse, τ.  
a) b)
Figure 4.2.11 The first five echoes simulated for alternating CP pulse sequence: a) [ ]n0x0x0x e180e18090 τ−−τ−−τ−−τ−−τ− −  b) [ ]n0x0x0x 'e'180'e'18090 τ−−τ−−τ−−τ−−τ− − . Each echo has 201 
points. The echo time was 2 ms. 
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Figure 4.2.12 The first five echoes simulated for CPMG pulse sequence: a) [ ]
n
0
y
0
x echo18090 τ−−τ−−τ−  b) 
[ ]
n
0
y 'echo'18090 τ−−τ−−τ  
a) b)
. Each echo has 201 points. The echo time was 2 ms. 
 
 
 
 
 
 
Figure 4.2.13 Simulation of 32 echoes for CPMG 
pulse sequence in the presence of a spin-spin 
 
0
x −
 
relaxation with T2= 10 ms. The echo time was 2 ms. 
The back line represent the CPMG echo decay. The 
pulses are represented with gray line. 
 
Still this solution is not satisfactory because the phases of real and imaginary spectra 
are alternating. A solution to this is the Carr-Purcell-Meiboom-Gill (CPMG) sequence: 
[ ]
n
0
y
0
x 'echo'18090 τ−−τ−−τ−    (4.2.50) 
where, again by echo we understudy one point, which represent the maximum amplitude of 
the echo, and π+τ=τ t2' , with t90 the duration of 900 pulse. T  
phase of the refocusing pulses must be shifted with 90 in comparison with the tipping pulse. 
Again we get a full superposition of the echo if we are using the 4.2.50 pulse sequence. If the 
full superposition of the echoes is not obtained a smallest but unwanted decay of the echoes is 
observed.  
The main application of the CPMG pulse sequence is to extract from this the spin-spin 
relaxation time, T2. A numerical simulation of such a decay of the first 16 echoes for CPMG 
pulse sequence are presented
he solution is simple the
 in figure 4.2.14 for a transversal relaxation time of T2 = 10 ms. 
90
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4.3 Special pulse sequence designated to save energy and 
ower 
 
4.3.1 CPMG pulse sequence with variable refocusing pulse 
 
In order that an NMR sensor, like the NMR-MOUSE, to be in the real sense mobile and 
independent, must have his own power source. In this case the duration of an experiment or 
the number of experiments are conditioned by the quantity of energy stored in the batteries. 
With today technology this problem is solved satisfactory. We can use biggest or better 
batteries or sometime the device can be plug into a power supply. Still a other problem, which 
is not yet solved, is the problem of power. Some hard excitation pulses, which must rise and 
decay in few microseconds are using tens of amperes of current and an sophisticated 
electronics. If this is available for the biggest spectrometer form a mobile one, for which 
everything must be miniaturised can constitute a problem.  
The goal of this chapter is to presents some strategy (new pulse sequence) used to save 
energy or power. Usually it is very easy to save energy by reducing the duration or amplitude 
of a pulse or to save power by decreasing the amplitude of pulses, but all the time the signal 
has to suffer, so the idea is to study different pulses from the point of view of energy but also 
from the point of view of signal or signal to noise ratio. 
In the figure 4.3.1 is presented a CPMG pulse sequence in which the refocusing pulse 
has a variable duration in time producing a rotation with an angle α. We know that for CPMG 
pulse sequence the first echo is a pure Hahn-echo and the rest are a superposition between 
secondary Hahn echoes and stimulated echo.  
 
 
 
 
 
 
 
 
 
Figure 4.3.1 CPMG pulse sequence with variable duration of refocusing pulses α. 
p
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Figure 4.3.2 Energy saving into a CPMG pulse sequence
dependence of the tenth echo area on the α; b) the energy versus α; c) the 
ratio between the intensity area of the tenth echo and the energy dissipated in the pulse sequence; d) measures 
CPMG echoes decay at 300 MHz for a natural rubber 1 as a function of refocusing angle  
 
st few 
echoes in the sequences. We can consider with a good approximation that for the echo 
number ten the equilibrium is reach. In figure 4.3.2 (a) is presented a simulation of the 
quantity of energy dissipated in this experiment is increasing linearly with the 
refocus
 
the integral area of the real part of the echo to the energy consumed in the pulse sequence. 
c) a) 
b) d) 
 with variable duration of refocusing pulses, α: a) the 
 dependence of ten refocusing pulses 
Because of this superposition we can observe an oscillatory behaviour of the fir
integral of the real part of the echo number ten as a function of refocusing pulse α. The real 
part was chosen instead of the magnitude for a simple reason: in the real experiment the noise 
is present and by magnitude this entire signal became positive shifting the real value of 
integral. As is expected the value of the echo is increasing with the increase of the angle 
alpha, this means that more and more spins are refocused with the increase of the refocusing 
angle. The 
ing angle, α (see figure 4.3.2(b)). The first impulse is to say that we can reduce the 
energy by reducing the value of the refocusing angle alpha. Bu in this way the intensity of the 
signal is reduced. To take this into account a merit function is introduced as the ratio between
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This function is presented in figure 4.3.2 (c) as a function of angle, α. In the insert of this 
increase of 
picture we can see the entire dependence. The merit function is increasing very fast with the 
α for value of the angle smallest than 40 degrees. For the value of refocusing pulse 
ngle bigger than 40 degrees the merit function presents some oscillation, but the variation is 
 observe three local 
inimums at 600, 1200 and 1800 and two local maximum around 900 and 1400. Then some 
2
1
4.3.2 
pulse 
 
 well the longest components of the 
transve
to change the echo time i.e., 
a
small. The entire picture (see figure 4.3.2(c)) presents this region. We can
m
times for saving energy is a good ides to chose a refocusing pulse of 900. In the figure 4.3.2 
(d) is presented a measurement of the CPMG echoes decay of natural rubber 1 for different 
value of the refocusing pulse, α between 90 and 180 degrees. In this case the echoes decay is 
much faster for the bigger value of the angle alpha than fro the smallest value. This slowest 
decay is due to the fact that a large part of magnetisation spent much more time on the z 
direction and is not affected by the transversal relaxation, T . It is true that in this situation the 
magnetisation is decaying with a value corresponding to the longitudinal relaxation rate, T , 
but this value can be with order of magnitude larger than transversal one.  
 
CPMG pulse sequence with variable distance between refocusing 
For the case of a multi-component system like porous media, an interesting possibility is to 
get in the same experiment the shortest components as
rsal relaxation rate. For this purpose some diversity of CPMG pulse sequence was 
developed. 
In the figure 4.2.3(a) is shown a simulation of a CPMG pulse sequence in which at one 
moment in time we decide 
[ ] [ ]
m1intEchoPo1
0
ynintEchoPo
0
y
0
x '1'180'1'180 −τ−−τ−−−τ−−τ−−τ−90 . As a result of this increase of 
the echo time we will see a splitting of this echo into a stimulated echo and secondary Hahn 
echo. The amplitude of the echoes is about half of the amplitude of the initial echoes and is 
oscillating before a steady state is reached. In this simulation the effect of T2 was neglected. 
The main disadvantage of this sequences is that in the real experiments the signal to 
noise ratio is low and a reduction of the signal amplitude is not desirable. To cure this 
drawback we can use the sum of both echoes. Depending from the new distance between 
pulses we can add echo 1 with 2 or 2 with 3 (see figure 4.2.3 (b)). 
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a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2.3 A simulation for [ ] [ ]
m1intEchoPo1
0
ynintEchoPo
0
y
0
x '1'180'1'18090 −τ−−τ−−−τ−−τ−−τ−  pulse 
sequence’; a) the whole pulse sequence; b) a smallest portion enlarged to observe better the echoes. 
 
If the time of appearance of the first echo is t-dt and for the second is t+dt then by 
adding the two echoes we get: 
( ) ( ) ( )



 +−+



 −−= 21 T
dttexp0S
T
dttexp0StS .   (4.3.1) 
From the simulation we can see that after a time the two echoes are, more or less, the 
same amplitude. Then: 
( ) ( )
( )

−=
= −+−=
1
1
T
cosh2
T
exp0S
T
exp
T
exp0StS
   (4.3.2) 
If the dt << T  we can see that nothing essentially is happened with the amplitude of original 
echo by adding this two. 
 
22
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
Figure 
 
 
 
 
 
 
4.3.4 A simulation of: a) [ ] [ ]
m1intEchoPo1
0
y1
0
x
0
xnintEchoPo
0
y
0
x '1'18090t90'1'18090 −τ−−τ−−τ−−−−−τ−−τ−−τ− −  pulse 
sequence; b) 
m1intEchoPo1yynintEchoPoyx
'1'180360'1'18090 −τ−−τ−−−−τ−−τ−−τ−  pulse sequence 
echo time is produced by applying first a 090  (at a maximum of the echo) to rotated back to 
[ ] [ ]00000
[ ] [ ]0000
 
In figure 4.3.4(a) is shown a CPMG in which at one moment in time the change of the 
z-axis the magnetization after that, a evolution an a new CPMG with another inter echoes 
times 
x−
'1'18090t90'1'18090 −τ−−τ−−τ−−−τ−−τ−−τ−
 pulse is applied, which is a
lse, i.e. 0y360 : 
−−
[ ] [ ]
m1intEchoPo1
0
y
0
yn
0
y
0
x '1'180360'1'18090 −τ−−τ−−−−τ−−τ−−τ−  intEchoPo
m1intEchoPo1y1xxnintEchoPoyx −
The new echoes appear this time in the middle of the new refocusing pulses and they have the 
amplitude approximately half of the amplitude of the first series of echoes. In the figure 4.3.4 
(b) is shown a CPMG, in which at one moment in time a spin lock
. 
 
nger pulo
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Figure 4.3.3 he DANTE-DANTE pulse sequence [Fec7] 
 
4.3.3 Selective NMR excitation using the DANTE-DANTE low power pulse 
sequence
 
To produce a mobile NMR unit, RF excitation is sought, which can be produced with 
the most simple equipment, in particular non-linear, low-power amplifiers, and to observe a 
free induction decay in strongly inhomogeneous fields, the excitation needs to be selective. 
The results obtained using DANTE-DANTE pulse sequence are an important step towards a 
low-power operation of the NMR-MOUSE to improve its mobility. 
The use of two DANTE sequences generates echoes, which can be employed to 
n with relaxation times longer than the DANTE sequence. The 
advantage of using the DANTE-DANTE echo with the NMR-MOUSE is a considerable 
savings in excitation power. This is an important step towards the development of small 
mobile NMR instruments, which can be operated by batteries. To reach this goal the signal-
to-noise ratio must be improved sequence optimisation. The inherent shortcoming of this 
approach is the restriction of the signal bearing volume due to the selectivity of the excitation. 
 
 
 T
 
 
measure transverse relaxatio
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4.4 Characterisation of the sensitive volume of NMR-
MOUSE sensors 
 
In the case of NMR-mobile sensors such as NMR-MOUSE, for a proper design of the 
experiments, it is very important to know the characteristics of the sensitive volume. The 
sensitive volume is a region in space from which the excited nuclei induces a detected signal 
in NMR sensor. This region is determined by the values and orientation of static and 
radiofrequency magnetic fields (see figure 4.4.1(a) and (b)) by the excitation and receiver 
frequency the shape and duration of rf pulse by the characteristics of receiver coil and receiver 
it. The sensitive volume can be accurately visualized only by numerical simulation. The 
of this chapter is to characteristics sensitive volumes, for two NMR mobile sensors: the 
U-shaped NMR-MOUSE and the bar magnet NMR-MOUSE. 
 
4.4.1 The sensitive volume of the bar-magnet NMR-MOUSE 
 
Figure 4.4.1 Characterisation of the Bar-Magnet NMR-MOUSE  a) the static magnetic field map from Vector 
Fields Opera 3D, a finite element analysis simulation program, as a function of x and z coordinate; b) the 
radiofrequency magnetic field map from Vector Fields Opera 3D as a function of x and z coordinate; c) the 
normal component of radiofrequency magnetic field on the static magnetic field, received from the C++ 
simulation program described in section 4.2, as a function of x and z coordinate; d) the simulation of sensitive 
volume using the C++ simulation program described in section 4.2, as a function of x and z coordinate. 
circu
goal 

b)
d)c) 
a) 
x [mm]
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For inhomogeneous sample the NMR signal is a mixture between the characteristics of 
sensitive volume and the distribution properties of the sample. This became important in the 
experiment of imaging or in those in which a distribution of parameter of samples are 
required. The general principles of algorithm for computing the spin system response in 
inhomogeneous magnetic fields were presented in the chapter 4.2. 
In our representation the sensitive volume is a graphical representation of the intensity 
f the signal, the spin system response to a specific excitation represented by a pulses 
me, in inhomogeneous magnetic fields, the 
pin response is different for different sensors. The algorithm of computing this response 
 (b)); 2) to compute the orthogonal component of radiofrequency magnetic field 
on the static magnetic field (see figure 4.4.1(c)); 3) finally to compute the evolution of spins 
subject
Figure 4.4.2 Simulation of sensitive volume of Bar- using the C++ simulation program described in section 4.2, 
as a function of x and z coordinate for tuned at different frequency a) νRF = 16 MHz; b) νRF = 17 MHz; c) νRF = 
18 MHz; d) νRF = 19 MHz. 
o
sequence. Although the pulse sequence is the sa
s
requires several steps: 1) to read the two, static and radiofrequency magnetic fields (see figure 
4.4.1(a) and
ed to a specific excitation under the influence of pulses sequences. The result is a map 
of intensity of the signal as is possible to be observed in figure 4.4.1(c). 
 
b)a) 
d)c) 
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 The figure 4.4.1(a) presents the static magnetic field of a bar magnet NMR-MOUSE. 
specific patter  in a shape of 
The x = 0 mm represent the centre of the magnet. The magnetic induction, B0, present a 
n the round letter V. The pan of this shape is much bigger close to 
e magnet and is decreasing with the increase of the depth, z. Because of this exist a value of 
 of the magnet are not at all 
portant for the sensitive volume because the electrical signal induced into a coil is directly 
 static magnetic 
ield. We can see this effect by a direct comparison of figure 4.4.1(c) with (d), in the central 
region where both maps present zero intensity ion in which the static and radiofrequency 
magnetic fields are parallel oriented. 
 
4.4.2 The sensitive volume of the U–Shaped NMR-MOUSE 
 
 The simulation of the sensitive volume for the U-shaped NMR-MOUSE is presented 
in figure 4.4.3 together with the static and radiofrequency magnetic fields maps. The gap 
between magnets was 20 mm, 10 mm in left  10 in the right and we can observe (see 
figure 4.4.3(a)) the increase of the intensity of the magnetic field in these regions. The pattern 
of this is looking again like the letter V or like a big bird with extended fan. This pattern can 
be recognised also in the general shape of the sensitive volume of this mobile sensor (for 
conformity see figure 4.4.3(d)). Like for the bar magnet MOUSE exist a certain depth in 
which this shape became flat, a plane parallel with upper faces of magnets.  
 In the figure 4.4.3(b) is presented the map of the z component of static magnetic field. 
Sine many times such type of map can be experimentally measured with, for example, a Hall 
th
z for which this shape became flat and after that the letter V can be again recognised but this 
time is with upside down. The shadowy colour represents the area with the large value of the 
intensity of magnetic field. Since this intensity is directly related to the local Larmor 
frequency this pattern of static magnetic field will be the most important factor in the 
determination of position and broadness of the sensitive volume as it is clearly represented in 
figure 4.4.2 from (a) νL = 16 MHz, (b) νL = 17 MHz, (c) νL = 18 MHz, and (d) νL = 19 MHz. 
 The magnetic field produced by a bi-layer spiral coil is presented in figure 4.4.1(b). 
The pattern of this magnetic field is the same a round letter V but with upside down. The big 
values of radiofrequency magnetic field in the central region
im
proportional with the orthogonal component of radiofrequency field on the
f
, reg
 and
probe the comparison with the map of the magnitude of the static magnetic field (figure 
4.4.3(a)) can lead to interesting result: 1) in the interest area both maps present similar 
features, 2) the special area in which the magnetic field is a plane parallel with the faces of the 
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Figure 4.4.3 Characterisation of the U-shaped Magnet NMR-MOUSE a) the static magnetic field map from 
Vector Fields Opera 3D, a finite element analysis simulation program, as a function of x and z coordinate; b) the 
ponent of static magnetic field map from Vect elds Opera 3D, as a function of x and z coordinate c) 
diofrequency magnetic field map from Vector Opera 3D as a function of x and z coordinate d) the 
simulation of sensitive volume using the C++ simulation program described in section 4.3, as a function of x and 
z coordinate. 
 
magnets is reach in the case of the z-component map for a penetration that is only 
approximately ¾ from the penetration reach in the case of the magnitude of magnetic field; 3) 
the selectivity, (a certain variation of the magnetic field per unit of distance) in the z direction 
is in reality bigger than those represented by the z-component. 
 In figure 4.4.3(c) is represented the magnetic field produced by a solenoidal type of 
with a radius of 8 mm oriented with t ymmetry axis along y direction. To an other 
scale the pattern of this map is similar with the pattern presented by the static magnetic fields 
especially by the z-component of the field. 
 The shape, position and intensity of the sensitive volume as a function of the working 
frequency are presented in the figure 4.4.4 from 16MHz (a) to 18.5 in (d). Regarding these 
pictures we can conclude that: 1) by decreasing the frequency we are able to measure more 
and more deep inside de sample; 2) but in the same time the intensity of the signal became les 
and les; 3) as a direct result of the profile of the static magnetic field the dimple of the shape 
of the sensitive volume became more and more smallest with the decrease of the frequency or 
d)c) 
b)a) 
z [mm]
z com
the ra
or Fi
Fields 
coil he s
increase of depth, existing a position (not shown here) for which is flat.  
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b)a) 
d)c) 
Figure 4.4.4 Simulation of sensitive volume of a U-shaped NMR-MOUSE using the C++ simulation program 
z; b) νRF 
 
nsequence of the 
described in section 4.3, as a function of x and z coordinate tuned at different frequency a) νRF = 16 MH
= 17 MHz; c) νRF = 18 MHz; d) νRF = 18.5 MHz. 
 Nevertheless, some interesting features can be pointed out here. For the highest 
frequency, which means a sensitive volume close to the sensor a big lobe can be observed 
(see figure 4.4.4(d)). This is due to the big component of the radiofrequency magnetic field, 
which is mostly oriented along y direction the direction of the axis of the solenoid. But much 
important than this is the fact that close to the magnets the magnetic field became more and 
more homogeneous having a very good homogeneity in the space between the magnets. Other 
feature of the sensitive volume is the fact the sensitive volume seems to be composed by a 
main band and some lateral bands in the central area. This is a direct co
application of rectangular pulses, which have a Fourier transformation the sinc function (see 
below). The same case is present for the strips, which are traversing the sensitive volume.  
 Al of these features can be funded also for the sensitive volume of bar magnet with bi-
layer spiral coil, excepting the big lob close to the magnet and the fact that the largest 
intensity is not close to the sensor but at a certain distance from this and a certain frequency 
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(see figure 4.4.2(b)). The last feature it is a surprise because from equations 4.2.23, 4.2.24 and 
4.2.40 the intensity of the signal is proportional with the square of the static magnetic field, 
which is direct proportional with the Larmor frequency which is larger close to the sensor (see 
figure 4.2.2). Then we can guess that here a big influence is due also by the radiofrequency 
magnetic field and especially by the relative orientation of this to the static magnetic field. 
 
 
4.4.3 The effect of spectrometers filters on the sensitive volume 
 
The effect of the filter on the NMR signal was discussed in the chapter 4.2.3. In figure 4.4.5 is 
presented this effect directly on the sensitive volume of a bar-magnet NMR-MOUSE. 
A simulation of the sensitive volume without filter was performed to be a mark and is 
presented in figure 4.4.5(a). A lot of lateral bands almost parallel with the main band are 
presented. 
Figure 4.4.5 Simulation of the dependence of the of sensitive volume of Bar-Magnet NMR-MOUSE using the 
(resonance circuit) filter was considered with a quality factor Q = 20; c) the sensor filter was considered with a 
 of 1 MHz; d) the sensor 
filter was considered with a quality factor Q = 20 together with the receiver filter with a bandwidth of the 
receiver of 0.5 MHz. 
b)a) 
d)c) 
C++ simulation program described in section 4.3 on the filter a) no filter was considered; b) only the sensor 
quality factor Q = 20 together with the receiver filter with a bandwidth of the receiver
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In figure 4.4.5(b) is presented a simulation for which the filter due to sensor (LC 
o atory circuit) is tacked into account. T
reducing the number of the lateral bands. As was shown in equation 4.2.26 the filter function 
is depending only on the quality factor of circuit and the working frequency. As was 
presented in figure 4.2.6 this filter is acting on the amplitude and phase of the signal. In this 
case for a given sensor the Q factor is constant and the effect of the filter on the sensitive 
volume will be slightly different for different working frequency. Instead, because of phase 
effect the filter will act in different way after different pulse sequence.  
The receiver filter can act only on the amplitude of the NMR signal with a filter 
function, which was described in chapter 4.2.3 by equation 4.2.29 and presented in figure 
4.2.7 characterized by the bandwidth of the receiver. As we can see from figures 4.4.5(c) and 
(d) the main effect is to cut from lateral bands. 
 
 
4.4.4 Characterisation of the sensitive volume of mobile NMR 
sensors for different echoes in the CPMG experiments 
 
The most used pulse sequence is CPMG for measurement of spin-spin relaxation time, T2 in 
generally or a distribution of transversal relaxation time for example in porous media. 
h will be reflected in the CPMG echoes decay. In 
ure 4 
ds. 
different voxels. 
scill he central band is not affected but this filter is 
Because of this reasons in the interpretation of data it is important to know the characteristics 
f sensitive volume of NMR sensor, whico
fig .4.6(a) is presented the sensitive volume of an U-shaped NMR-MOUSE  for the Hahn 
echo, which is the first echo in the CPMG pulse sequence. In order to have a clear view of the 
characteristics of the sensitive volume is presented only in the central region. 
 For the Hahn echo the central band is clearly evidentiated. This is separated by the 
lateral bands by a region, in white from which we are not receiving signal. All these bands are 
characterised by a fine structure of stripes. In addition the in central band we can observe the 
middle region, in black from which come the main signal and the lateral portions (in open 
grey), which is contributing into a low measure to the signal.  
 The echo number 5 in CPMG pulse sequence is presented in figure 4.4.6(b). In this 
case, like in the case of all echoes we can observe the central main band and the lateral ban
Along of this bands the colour and the stripes start to became unclear. Suggesting a certain 
mixing in the intensity of the signal probably due to the superposition of the secondary Hahn 
echoes and stimulated echoes and to a distribution of the phases of signal arising from 
 
Chapter 4.4 Characterisation of the sensitive volume  
of NMR-MOUSE mobile sensors 
161
b)a) 
d)c) 
Figure 4.4.6 Simulation of sensitive volume of a U-shaped NMR-MOUSE using the C++ simulation program 
described in section 4.3 in the x-z plane as a function of echo in a CPMG pulse sequence a) first echo (Hahn 
Echo); b) echo number 5; c) echo number 15; b) echo number 30. 
 
Along all sensitive volume the stripe pattern is still remembering of the stripes pattern 
of the first echo. But the main characteristic of the sensitive volume of this echo is the central 
band. Those two regions present in the sensitive volume of Hahn echo are no longer present. 
ad of this we can observe that the area m which we are receiving the main signal is 
extended into all region of the main band. The only exceptions are of course, the stripes. 
 The later echoes are not characterised by significant changes in the profiles of the 
sensitive volume as we can see in figure 4.4.6(c) for the echo 15 and in figure 4.4.6(d) for 
echo 30. A noticeable effect is the slightly tendencies of the sensitive volume to “grow” in the 
sense that the intensity of the signal became bigger with the increase of the number of echo 
from the region in which before we receive a small signal. A direct consequence of this is the 
fact that the pattern structures of sensitive volume start to disappear. If the general shape of 
Inste  fro
the sensitive volume can be easily explained by a direct comparison with the static magnetic 
field (see figure 4.4.3) the stripes observed have certainly a more subtile explanation. 
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Figure 4.4.7 a) The general rotation of magnetization
distribution of the spin system response computed fro
 around the effective pulsation ωeff. b) the frequency 
m general rotation and from Fourier transformation 
quation 4.4.1) of rectangular pulse of a duration of 5 µs around a excitation frequency of 18 MHz. 
 field is it most 
probable that the ∆ω0, the out of resonance to have a non-zero value. In this case we can 
a) b) 
(e
 
 In the figure 4.4.7(a) is presented a general rotation of magnetisation, which is 
pointing initially in the z direction, as a result of a pulse. In inhomogeneous
speak about an effective axis of rotation characterized by an ωeff. The angle of rotation is then 
ωefft. As we can see from this figure the angle can have such value that a big part of 
magnetisation to lie in the transversal plane or can have such value that the magnetisation 
have a smallest component in this plane and in this case the signal is low. Moreover, if the out 
of resonance, ∆ω0, is bigger, the angle between the direction of ωeff and z-direction is smallest 
resulting a smallest component of magnetisation in the transversal plane indifferent on the 
rotation angle ωefft. 
 In figure 4.4.7(b) is shown with continuous line the frequency distribution of the spin 
system response to a rectangular pulse with the duration of T = 5 µs computed from general 
rotation, or let’s say from rigours quantum-mechanical consideration. On the same picture we 
can observe the same response computed from the Fourier transformation of such rectangular 
pulse [Cane1]: 
( ) ( )


πν
πν
πν
πν
T
Tsini
T2
T2sinT
2
.    (4.4.1) 
If we believe in the quantum-mechanical approach then we can observe that close to 
this is indeed the Fourier transformation of the magnitude (dashed line) and not of the real 
part (dot line). 
−
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4.4.5 Characterisation of the sensitive volume of mobile NMR 
sensors for different excitation and refocusing pulses 
 
It is a well knows fact that the sensitive volume is “sensitive” to the duration of pulses. This 
feature is investigated in this section as a function of the duration of tipping and refocusing 
pulse. 
 NMR-
as a 
function of amplitude of the excitation pulse for a fixed amplitude of refocusing pulse: a-b) the amplitude of the 
900 pulse is 2.5 time bigger then the amplitude of the 1800 pulse; c-d) the amplitude of the 900 pulse is 0.5 from 
the amplitude of the 1800 pulse; e-f) the amplitude of the 900 pulse is 0.1 from the amplitude of the 1800 pulse. 
b)a) 
d)c) 
f)e) 
Figure 4.4.8 Simulation of sensitive volume (a, c, e) and time domain signal (b, d, f) of a U-shaped
MOUSE using the C++ simulation program described in section 4.3 in the x-z plane for the Hahn Echo 
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In figure 4.4.8 is presented the simulation of the sensitive volume (in the left) for the 
U-shaped NMR-MOUSE and corresponding to this the shape of the echo (in right) for three 
cases of the duration of the tipping pulse. In the figure 4.4.8(c) is presented (in the middle for 
a better comparison with the upper and the lower figure) the classical situation in which the 
refocusing pulse is double in amplitude than the tipping pulse (exactly for the reason which 
are discussed here). The sensitive volume is formed by three bans. The central band is 
presenting all the characteristics described in the last sub-chapter (but because of large scale 
this time not so evident). The echo (see figure 4.4.8(d)) is represented in magnitude and is 
characterized by a nice shape. The duration of tipping pulse was 5 µs. 
 In figure 4.4.8(a) is presented the sensitive volume of the Hahn echo for a tipping 
pulse, which is 5 time bigger (see figure 4.4.8(b)) than the standard one. Here we have to 
pulse the 
between bands are almost disappearing. In the shape of the echo this is traduced by an 
increasing in the intensity and a faster decay. This fact is in perfect agreement with the 
observation of the characteristics of the sensitive volume. We have more spins than the 
intensity of the signal is bigger. The area from which we are receiving the signal is more 
extended covering a big variety of frequencies so the destructive interference is bigger. 
 The case of a tipping pulse 5 time smallest and from here 5 times longer in time than 
the standard one is presented in figure 4.4.8(e) and (f) for the sensitive volume and the shape 
 the standard one is observed. Mainly the central band composes the 
lses. We can speck about hard pulses to be a broadband excitation pulses and 
about longest pulses to be narrow band, or slice selective pulse. 
In figure 4.4.9 is presented the case of three different in duration of refocusing pulses. 
For a 
sed and will by not repeated again. 
make the remarks that the scale is valid for the intensity of the signal and can be slightly 
naccuracy in the presentation of pulses. As we are expending from this hard i
sensitive volume is extended. From the “central” band we are receiving more signal the lateral 
bands are a little beat extended and, moreover, the white region, the non signal region 
of echo, respectively. An opposite effect than those presented for a pulse with the duration 5 
times smallest than
sensitive volume, the lateral ones almost despairing. In this band we can distinguish also the 
central region, which is giving the main contribution to the signal and the lateral region from 
which the signal is lower. As a consequence the echo is smallest but broadest. In fact we can 
consider the refocusing pulse as a mirror from the tipping pulse and the echo as an image in 
this mirror of pu
direct comparison in figure 4.4.9(c) and (d) are presented sensitive volume and the 
Hahn echo, respectively, for the same standard pulses sequence. The characteristics of this 
were just discus
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Figure 4.4.9 Simulation of sensitive volume (a, c, e) and time domain signal (b, d, f) of a U-shaped NMR-
MOUSE using the C++ simulation program described in section 4.3 in the x-z plane for the Hahn Echo as a 
function of amplitude of the refocusing pulse for a fixed amplitude of excitation pulse: a-b) the amplitude of the 
1800 pulse is equal with the amplitude of the 900 pulse; c-d) the amplitude of the 1800 pulse is 2 times biggest 
than the amplitude of the 900 pulse; e-f) the amplitude of the 1800 pulse is 0.4 from the amplitude of the 900 
pulse. 
 
 In the figure 4.4.9(a) and (b) are presented sensitive volume and the Hahn echo, 
n 
b)a) 
d)c) 
f)e) 
respectively, for a refocusing pulse on the same amplitude that the tipping pulse. The lateral 
bands are starting to disappear and in the central band the effect of slice selection starts to be 
visible. The echo is smallest and decays more slowly in comparison with the standard one. I
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the cas
 
: (a-b) 
00 = 9
-22.5
67.5 -22.5 than the single tipping pulse 
(see fig
e of a refocusing pulse of 0.4 from the tipping pulse (5 times longer than the standard 
one) presented in figure 4.4.9(e) and (f) for sensitive volume and the Hahn echo, respectively, 
the selectivity of pulse is very clear and the echo is much more smallest and is decaying 
slowly. 
 At a first view the sensitive volume presented for the longest tipping pulse (see figure 
4.4.8(e)) and for the longest refocusing pulse (see figure 4.4.9(e)) seems to be similar. 
Nevertheless, the shapes of the echoes corresponding to this two situation are very different. 
We can conclude from here that although the tipping and refocusing pulses are exciting the 
same region in space the effect of this are different.  
 
 
4.4.6 Sensitive volume of mobile NMR sensors using different 
composite pulses 
We just discussed that we can excite more spins if we are using hard pulse. But exactly this is 
the problem of mobile sensors more power is needed for hard pulses. This problem can be 
partially solved by using composite pulse in order to try to excite a larger sensitive volume 
[Mal1, Hür1]. In this section we will present simulation of the sensitive volume and the shape 
of the corresponding echoes for different composite pulse. 
 In figures 4.4.10 and 4.4.11 are presented some excitation composite pulses like
9 0x; (c-d) 900 = 45-45-9045; (e-f) 900 = 4590-2θ-9060-θ for θ = 54.70; (g-h) 900 = 22.567.5-
90 ; [Hür1]. The difference between these two figures is the fact that in figure 4.4.10 the 
refocusing pulse is double in amplitude with the tipping pulse and in the figure 4.4.11 has the 
same amplitude. In figures (a-b) are shown a single tipping pulse to act as a model. For this 
echo number three we still able to distinguish the characteristic of sensitive volume like: the 
central band from which are clearly separated the lateral bands and the stripes pattern.  
 As a general conclusion these composite pulse designated to work in slightly 
inhomogeneous magnetic fields from the point of view of the echo intensity are not giving the 
expected result in highly inhomogeneous magnetic fields. The best seems to be the 900 = 
22.5 -90  (see figure (g-h)) but his intensity is a smallest 
ure (a-b)). From the point of view of the sensitive volume the 900 = 45-45-9045  
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d)c) 
f)e) 
h)g) 
a) b)
Figure 4.4.10 Simulation of sensitive volume (a, c, e, g) and time domain signal (b, d, f, h) of a U-shaped NMR-
MOUSE using the C++ simulation program described in section 4.3 for the third echo in a CPMG pulse 
0 θ
 
 
sequence as a function of different composite excitation pulse for a fixed double in amplitude refocusing pulse: 
a-b) 90  = 90x; c-d) 900 = 45-45-9045; e-f) 900 = 4590-2θ-9060-θ for  = 54.70; g-h) 900 = 22.567.5-90-22.5 [Hür3]. 
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x -45 45 90-2θ 60-θ 67.5
d)c) 
f)e) 
h)g) 
b)a) 
Figure 4.4.11 Simulation of sensitive volume (a, c, e, g) and time domain signal (b, d, f, h) of a U-shaped NMR-
MOUSE using the C++ simulation program described in section 4.3 for the third echo in a CPMG pulse 
sequence as a function of different composite excitation pulse for a fixed, but with the same amplitude of the 
refocusing pulse: a-b) 900 = 90 ; c-d) 900 = 45 -90 ; e-f) 900 = 45 -90  for θ = 54.70; g-h) 900 = 22.5 -
90-22.5 [Hür3]. 
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Figure 4.4.12 Simulation of sensitive volume (a, c, e, g) and time domain signal (b, d, f, h) of a U-shaped NMR-
MOUSE using the C++ simulation program described in section 4.3 for the third Echo in a CPMG pulse 
sequence as a function of different composite refocusing pulse for a fixed excitation pulse: a-b) 1800 = 900-
18090-900; c-d) 1800 = 900-27090-900; e-f) 1800 = 1800-180120-1800; [Hür3] 
 
ing 
ulse.  
f)e) 
f)e) 
f)e) 
d)c) 
a) b)
composite pulse present a larger extension of the central band and the 900 = 22.567.5-90-22.5 
composite pulse present more lateral bands. In all cases the stripes pattern are presented and 
he echoes intensity is smallest for the refocusing pulse equal in amplitude with the tippt
p
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d)c) 
f)e) 
a) b)
Figure 4.4.13 Simulation of sensitive volume (a, c, e) and time domain signal (b, d, f) of a U-shaped NMR-
MOUSE using the C++ simulation program described in section 4.3 for the third Echo in a CPMG pulse 
sequence as a function of different composite refocusing pulse for a fixed excitation pulse: a-b) 1800 = 90135-
270225-90135; c-d) 1800 = 9045-90135-9045; e-f) 1800 = 1270-127180; [Hür?] 
 
 In a CPMG type of experiment we can have hundred of refocusing pulse and only one 
n
esented a series of refocusing composite pulse, which can be founded in literature 
[Hür3]. 
tipping pulse. From this reason a good refocusing composite pulse can be of a real help in 
improving the signal-to-noise ratio and shortening the experiments. In figure 4.4.12 a d 
4.4.13 are pr
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 For example in figure 4.4.13 (a-b) 1800 = 900-18090-900; (c-d) 1800 = 900-27090-900; 
(e-f) 1800 = 1800-180120-1800 and in figure 4.4.14 (a-b) 1800 = 90135-270225-90135; (c-d) 1800 = 
9045-90135-9045; (e-f) 1800 = 1270-127180, composite refocusing pulse. As a general 
characteristic of this refocusing composite pulse is the fact that the shape of the echoes is 
hardly affected. A broad base and a central narrow and intense peak compose now the echoes.  
 For the 900-18090-900 refocusing composite pulse (see figure 4.4.12 (a-b)) the sensitive 
volume is extended in comparison with the classical one (see figure 4.4.11(a)). The intensity 
in the central band is increased and the lateral bands are more pronounced. The first echo is a 
broad one and the rest are narrow and more intense than the standard one. 
For the 900-27090-900 refocusing composite pulse (see figure 4.4.12 (c-d)) the sensitive 
volume is even more extended than the first one. The intensity in the central band is increased 
in comparison with the classical one (see figure 4.4.11(a)) and the lateral bands are almost 
merging with the central one. All echo present the broad base and narrow peak in centre. 
For the 1800-180120-1800 refocusing composite pulse (see figure 4.4.12 (e-f)) the 
sensitive volume is extended in comparison with the classical one (see figure 4.4.11(a)). The 
intensity in the central band is increased and the lateral bands are more pronounced clearly 
distinguished one from other and spatially extended bend a bigger offset. The first echo is a 
sm  broad one and the rest are narrow and n ery intense. 
For the 90135-270225-90135 refocusing composite pulse (see figure 4.4.13 (a-b)) the 
sensitive volume is spatially extended. The intensity in the central band is increased in the 
whole rang in comparison with the classical one (see figure 4.4.11(a)) and the lateral bands 
are almost merging with the central one. All echo present the broad base and narrow peak in 
centre. The characteristics of this composite pulse are similar with those of 900-27090-900 (see 
figure 4.4.12 (c-d)). 
45-90135-9045 refocusing co site pulse (see figure 4.4.13 (c-d)) the 
sensitive volume is presenting a broad and inten central band and very clearly distinguished 
lateral bands. All echoes seem to be composed from two smallest echoes. In the first echo the 
For the 1270-127180 refocusing composite pulse (see figure 4.4.13 (e-f)) the sensitive 
re merging with the central one with the increase of the number of echo. 
allest ot v
For the 90 mpo
se 
intensity of this two echoes is almost the same, but with the increase of the number of the 
echo the left one became larger and the right one smallest.  
 
volume is presenting a broad and intense central band, which seem to be themselves spitted in 
two and clearly distinguished lateral bands and in a bigger number. All echoes are composed 
by three smallest echoes. One in the middle and the others two in laterals like two satellites, 
which a
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c) d)
a) b)
Fi  4.4.14 Simulation of sensitive volume (a, c) an e domain signal (b, d) of a U-shaped NMR-MOUSE 
using the C++ simulation program described in section 4.3 for the third Echo in a CPMG pulse sequence for an 
optimised composite refocusing pulse 1800 = 4590-360-90-4590: a-b) the same amplitude for all pulses; c-d) the 
same duration of all pulses. 
 
The composite pulse, which were just presented are giving excellent result in slightly 
inhomogeneous magnetic fields but for the highly inhomogeneities of the magnetic fields the 
result are not so spectaculars. Using the simulation program it is possible not just to compute 
the spin system response or to visualize the sensitive volume but also to find new type of 
composite pulse, which are designated to maximize the sensitive volume and the echo 
gure d tim
amplitude for each particular maps of field. Such a program was applied on the optimisation 
of a Levitt type of composite pulse [Hür1]: 121 ϕϕϕ θ−Θ−θ . The result of such optimisation s  i
resented in figure 4.4.14(a-b) for the new composite pulse: 4590-360-90-4590.  
cho. The intensity of this echo is bigger than the intensity of any other echo resulted 
from a composite or non-composite refocusing pulse. 
p
As we can see from this figure the sensitive volume is composed by a single broaden 
band for which the intensity is decreasing from the central zone to the border. A smallest and 
unimportant area in the sensitive volume is like lap in the central region closed to the sensor. 
The echoes are composed of a collection of broad base echoes and a narrow and intense 
central e
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a) 
 
 
 
 
 
 
 
 
0  
 
For comparison the same composite pulse, 45 -360 -45  is shown in figure 
4.4.14(c-d) but this time all pulses have the same duration and different amplitude. Large 
differences can be observed between these two situations. The sensitive volume of the 
presents a central very well distinguished central band inside of which it is possible to observe 
alternating intense signal region with low signal regions along of the band. The lateral bands 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
Figure 4.4.15 Simulation of time domain signal of a U-shaped NMR-MOUSE using the C++ simulation 
program described in section 4.3 for 10 echoes in a CPMG pulse sequence a) using the composite refocusing 
pulse 180  = 4590-360-90-4590; b) the regular CPMG.
90 -90 90
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are narrow and clearly distinguished. This is the only case in which the echoes are composed 
by a single shaped echo. 
Although the duration of the 4590-360-90-4590 composite pulse with the same amplitude 
is much longer than the duration of 4590-360-90-4590 composite pulses with the same duration 
the first one presents a broader sensitive volume instead to be more selective. Fortunately this 
fact has a simple explanation: because in the real experiment the use of high power for the 
mobile NMR sensors can be a problem the optimisation of this composites pulse was 
performed for pulses with the same amplitude (low power) and different duration. 
In the figure 4.4.15 is presented com tively a train of 10 echoes (a) with the new 
refocusing pulse 4590-360-90-4590 and in (b) the classical pulse sequence. Using the composite 
pulse we can increase with few percent the intensity of the signal but more energy is 
requested. 
The knowledge about sensitive volume can play a crucial role in the designing and 
improving of mobile NMR sensors as imaging device, in the measurement of thin samples or 
for advances unilateral NMR-sensors for special applications. For this the numerical 
simulations of the sensitive volume are vital in NMR working in strongly inhomogeneous 
magnetic fields. 
para
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4.5 Self-diffusion measurements by a constant-relaxation 
method in strongly inhomogeneous magnetic fields 
.5.1. Introduction 
 the last few years, several NMR applications have been developed that operate in strongly 
homogeneous static and radio frequency magnetic fields. They address topics like stray 
eld NMR [McD1], the development of surface NMR spectrometers [Kli2, Eid1] with 
pplications in material testing [Bali1, Wie1, Wie2, Fec5], biomedicine [Hak1], and well 
gging [Kli3, Goe1, Hür1, Hür2]. Moreover, approaches toward high-resolution ex-situ 
MR spectroscopy have been discussed recently [Mer1, Mer2, Hei1]. 
Investigations of molecular self-diffusion provide important information on molecular 
rganization an ractions with the environment in many systems. The effect of molecular 
elf-diffusion on the amplitude of the stimulated spin echo in a stationary strong magnetic-
eld gradient was analysed theoretically and experimentally in recent years [Kim3, Kim4, 
le1,Dem7, Scha1,Goe1, Hür1, Hür2]. The method of strong static gradients has some 
dvantages. One is the large gradient of the stray field of superconducting magnets, which 
llows measurements of root-mean square molecular displacements as small as 20 nm and 
elf-diffusion coefficients as small as 10-16 m2/s. The large gradients permit measurements of 
e diffusion coefficient in a simple way in heterogeneous materials like porous materials and 
iological systems, since it reduces the relative contribution from the background gradients. 
his is so because the background gradients are generally proportional to the magnitude of the 
pplied static field B0 but essentially independent of the field gradient. From this point of 
iew measurements with unilateral low field NMR sensors, which produce relatively strong 
processes on the acquired data. This problem is more severe with the static-fringe-field 
method than with the pulsed-gradient stimulated-echo (PGSE) methods [Cal2, Kim1] (and 
references therein). In the case of gradient-strength encoding, if the dependence of relaxation 
times on the gradient strength can be neglected, the diffusion coefficient can be measured 
without knowledge of these competing nuclear magnetization transport parameters. For a 
static stray field gradient, only the time-encoding method can be applied. In this case, the 
transverse relaxation T2 in the case of Hahn spin echo, and for a stimulated echo the 
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field gradients is of advantage. 
One particular aspect of diffusion measurements is the influence of various relaxation 
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longitudinal relaxation time T1 together with T2 affect the signal in addition to diffusion. The 
effect of relaxation, which complicates the self-diffusion diffusion measurements in a static 
strong 
nalysed by 
Hürlim
 unrestricted diffusion leads to non-exponential signal decay versus the echo 
numbe
bution of the static and radio frequency fields, as well as the static magnetic 
eld gradients in the voxels of the sensitive volume were characterized by magnetic field 
simulations and measurements. For the case of an isolated spin system the total echo signal 
given by the sum of the signals from each voxel of the sensitive volume from different 
coherences, and z polarizations encoded by diffusion was evaluated numerically. The effects 
of local off-resonance and radio-frequency (rf) pulse flip angle were taken into account in the 
C++ program used for simulation of the echo amplitude. The method was tested for different 
liquids with a broad distribution of diffusivities. 
 Another goal of this chapter is to show that the constant relaxation method is 
advantageous in measuring 1H self-diffusion coefficients of mobile molecules in complex 
protonated systems with strong restrictions in their molecular mobility. Two particular 
examples are discussed: (i) solvents in cross-linked elastomers and (ii) the anisotropy of the 
self-diffusion diffusion coefficient of free water in Achilles tendon. 
 
 
 
 
 
field gradient, can be overcome by constant-relaxation methods [Nor1, Kim3, Dem7]. 
 Woessner [Woe1] has studied the effect of diffusion in inhomogeneous fields up to 
four pulses and Demco et al. [Dem7] generalized this results taking into account the strong 
off-resonance effects during the radiofrequency pulses. The evolution of polarizations and 
coherences following any series of radiofrequency pulses in strongly inhomogeneous 
magnetic fields, with particular attention to diffusion and relaxation effects was a
ann [Hür2]. His theoretical approach follows Kaiser, Bartholdi and Ernst [Kai1] and 
decomposes the signal into the contributions from different coherent pathways. The diffusion 
effects were analysed in the case of the Carr-Purcell-Meiboom-Gill pulse sequence and it was 
shown that
r. 
 One of the goals of this paper is to implement a constant-relaxation method for 
measuring the self-diffusion coefficient (D) in strongly inhomogeneous magnetic fields. This 
method was implemented in the stray magnetic field of a new bar-magnet NMR-MOUSE®. 
The spatial distri
fi
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4.5.2 Theory and numerical simulations 
 
In order to simulate de effect of diffusion a complex program was written in C++. The major 
oint of this program is the fact that the effect of diffusion is considered as a summation of 
h voxel from the sensitive volume. 
In this type of simulation of the NMR spin system response for an isolated spins 
0
1
p
the effect of diffusion in eac
 
assume as impute the maps of static and radiofrequency fields in each point. The B0 and B1 
maps of field were simulated using Vector fields Opera 3D finite element analysis program 
(see chapter 4.1). The B  static magnetic field map was generated using the real dimension of 
our magnet and the B (H) dependency received from the manufactory. The B  magnetic field 
was generated considering a cooper coil and the intensity of the current was I = 1A. In this 
stage no Eddy current were considered. 
As was shown in chapter 4.2 the NMR signal is a summation of all the signals which 
each voxel is producing in to the receive coil. In order to compute such a signal the theorem 
of reciprocity is used, [Bali1]: 
( ) ( ) ( ) ( )[ ]
tt
re rm ∂−==∂−=
rrrr
K
r
   (4.5.1) 
were all quantity were explained earlier. 
 In the inhomogeneous fields, like bar-magnet NMR-MOUSE the magnetic field 
gradient cannot be considerate constant over the entire sample. The value of this gradient 
must be evaluated in each voxel. Then even for homogeneous sample like liquids each voxel 
has a different contribution into the entire signal. Moreover, even if we can consider a 
constant diffusion coefficient over the sample the decay due to diffusion is different from 
voxel to voxel. The static magnetic field distribution for the bar-magnet NMR-MOUSE is 
such that we can say that we have a real tensorial gradient: 
rbt,rmr ⋅∂Φ∂r
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     (4.5.2) 
In general all components of this tensor are different than zero for the majority of voxels. 
In our case, the bar-magnet NMR-MOUSE has a cylindrical symmetry and we can 
reconsider the gradient of static magnetic field can be rewrite as: 
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          (4.5.3) 
But the diffusion is an effect in which the tensorial character is not important. 
Moreover the direction of gradient is also a not important factor. Then the problem is: how to 
define and compute the static magnetic field gradient in highly inhomogeneous magnetic 
field. We can consider that the gradient, which characterized an infinitesimal voxel, being the 
change in the value of static magnetic field reported to the dimension of.  
In this point we have to make the hypothesis 1) the static magnetic field gradient can 
be considered constant in the along the voxel, 2) assumption is the fact that the molecules can 
have a motion only inside of the selected voxel. The first assumption can be considered close 
to the reality for a small voxel. The second assumption can be considered true for a large 
voxel. Then is the simulation the dimension of voxel must be choose in such a way that both 
sumpas tions to be true. These assumptions will be justified a posteriori.  
Lets consider a plane voxel (pixel) as a rectangle with the dimension dr and dz. 
Because the voxel vas considered infinitesimal smallest the assumption that the magnetic field 
gradient in r and z direction is constant inside of this voxel is a good approximation. The 
static magnetic field can be written as: 
( ) ( ) zzGrrG0,0Bz,rB vv,zvv,rv,0vvv,0 rr ⋅⋅+⋅⋅+=    (4.5.4) 
In this case static magnetic field over the voxel is distributed in plane. In this plane the 
minimum value is into a corner and the maximum value is in the opposite corner. It is 
possible to choose a reference system related to the voxel in which the origin is in the 
minimum value of the field. 
Then the square of gradient can be computed from
rv
 the following equation: 
v,zv,r2
22
2222
v dzdr
dzGdrG
G +
⋅+⋅=      (4.5.5) 
where, the components of gradients can be computed as: 
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  (4.5.6) 
The pulse sequence was proposed by [Dem7] and is presented in figure 4.5.1: 
    (4.5.7) 
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This sequence, called constant time relaxation method, was choose because is a T2 
independent method. The C++ program is computing the spine system response after the 
pulse sequence in every voxel adding this response for all voxel from the sensitive volume. A 
simulation into a voxel start with the magnetization along the z direction, only the Iz 
components is different than zero: 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5.1 Hahn echo pulse sequence for time constant relaxation for measurements of diffusion coefficient. 
The flip angles θ and 2θ of the radio-frequency pulses correspond to a voxel in the sample, and τ1 + τ2 = const.  
 
zI∝ρ       (4.5.8) 
The signal is multiplied with a factor K (see equations 4.2.40 and 4.2.41): 
( )
Tk4
A1IBB
B
v,n1
2
v,0
23 =γ h
were: N is number of spins per volume unit, γ is gyromagn
VK ∆= N     (4.5.9) 
etic ratio,  Planck’s constant, kB 
Boltzm nn’s constants, T the temperature in K, magnetic field B in voxel, B1n,v( I= 1A) 
the component of the radiofrequency magnetic d 
magnetic field and which is inducing transition and 
 h
0 a v,0B
fiel
V∆ volum
The best formalism in the case of numerical simulation is the irreducible tensor 
ible 
vate for the case of a voxel. 
Unfortunately, we have received more than 3620 coherences and z polarization, a summation 
of several hundred of pages. In this case an exact implementation even if is possible can be a 
e of the voxel. 
which is perpendicular on the static 
formalism. Some properties of these operators can be found in Appendix 9. This irreduc
tensorial formalism was implemented into a program written in C++ in order to compute 
analytically the spin system response. An exact formula was deri
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difficult and subjected to error. In this case we have choose to compute the step by step the 
newest components of nuclear spin, Ix, Iy and Iz afte every ction f a pu e, in 
transversal component are mixed with z-polarization, and after each evolution period, in 
which 
ng neglected during 
the pul
0-degree pulse” and 
with an
r a o ls which the 
only the transversal components are mixed. . Generally the pulse is considered as a 
rotation around an effective axis. A pulse, with the phase x or y, can be regarded as a 
summation of three pulses around x, y or z directions. For example the pulse with the phase x 
is implemented as three rotations around y-z -y-axis, and for a pulses with the y phase x-z-x-
axis. The effect of diffusion is considered after each evolution period, bei
se period. The evolution is implemented as a simple rotation around the z-axis. 
In the following we shall present the philosophy of computing the spin system 
response for this pulse sequence in the presence of diffusion taking into account the effect of 
transversal relaxation time, T2. We will demonstrate that the effect of transversal relaxation 
can be neglected. Without loosing the point that must be demonstrated in this analytical 
expansion we will consider a pulse just a rotation with an angle θ, the “9
 angle 2θ the “180-degree pulse”. 
After the first 0θ pulse, the density matrix is: 
 0,1
x
( )[ ]
( )[ ]
( ) ( )[ ]





θ
−
θ
∝ρ
sinsiT
0aT
cosT
1,1
1,1 .     (4.5.10) 
1
reasons: 1) different Larmor frequency due to the inhomogeneities in static magnetic field or 
) self-diffusion of 
molecules inside of voxel. If the first reason is well k
related to the implementation of self-diffusion motion via self-diffusion coefficient into a 
It was shown in [Dem7] that the diffusion can be mathematically evaluated using 
Euler function of type: 
In this moment the first evolution period is starting. During this period of time, τ , the 
z polarization remains unchanged. The x-y coherences start to presses around local z-axis. 
Free induction decay appears due the dephasing of the spins. This dephasing has several 
interaction with the environment or the presence of static gradient, 2
now some discussion must have place 
numerical simulation program. 
( ) ( )( ) { }γ±=Ψ± trGiexptA 00 rv
rv
 ( ) ( )( ) { }=Ψ± rGiexptA 11 τγ±          (4.5.11) 
We postulate the A factors are time dependent but space ind
the diffusion equation: 
ependent. The ψ function obey 
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i
r
DrGi
t ∂
Ψ∂+Ψγ±=∂
Ψ∂ ±
±
± rr      (4.5.12) 
with i = 0 or 1. 
  order to understand the effect of diffusion on z component or (even if is not the case 
here) of x y components in the absence of gradient for PGSE type of experiment [Cal1] a 
phenom quired. It is known that a molecule into a 
Brownian motion will produce a supplementary and randomly dephasing of xy coherences if 
a static gradient is present. Then the big question is how is possible to see an effect of self-
diffusion over the z polarization or in the case of xy coherences but in the absence of gradient. 
A phenomenological explanation is possible if we agree with the following hypothesis: the 
effect of diffusion on the spine echo in the RNM experiment must be seen, generally, as a 
process in three steps: 1) dephasing 2) evolution 3) refocusing. Now we can explain what is 
happened in the evolution time when in generally the spine dephasing in not really active. In 
evolution period the molecules leaves the market positions so in the moment of refocusing 
they ar
 from (4.5.11) and solving the diffusion equation (4.5.12) 
with an appropriate integration we can get the equ
on xy coherences in the presence of gradient, the dephasing and refocusing period of time: 
In
enological interpretation of diffusion is re
this case the beginning of dephasing act as a marker of positions for molecules. In the 
e feeling another static magnetic field and a part from the amplitude is lost due to the 
incomplete refocusing. In reality the z-magnetization or xy-coherences in the absence of 
gradient are not decaying as an effect of diffusion but from mathematical point of view can be 
considered that they do. 
Choosing the first equation
ation, which describe the effect of diffusion 
( )( ) ( )( ) { }3 R,D2231R,D0R,D0 DGexp0AA τγ−⋅=τ .   (4.5.13) 
where, the indices D and R mean dephasing and refocusing. 
F
on z magnetization or xy component of magnetization in the absence of gradient: 
 rom the second equation from (4.5.11) and solving the diffusion equation (4.5.12) 
with an appropriate integration we can get the equation, which describe the effect of diffusion 
( ) ( ) { }E2 R,D22E1E1 ( ) ( ) DGexp0AA τ⋅τγ−⋅=τ    (4.5.14) 
where, the indices E mean evolution. We can see that the effect of diffusion in this period of 
time is dependent on the dephasing-refocusing effect via 2 R,D
2G τ . 
Accepting this hypothesis it was possible to predict very easy the effect of diffusion on 
all known situation from literature [Can1]. For example, in the case of stimulated echo we 
observe all three steps dephasing-evolution-refocusing but for Hahn echo we have only 
dephasing followed by refocusing. 
 
Chapter 4.5 Self-diffusion measurements by a constant-relaxation method  
in strongly inhomogeneous magnetic fields 
182
The first Hahn Echo decay due to the transversal relaxation T2 and due to self-
diffusion effect can be described by: 
T
12322
e
3
DG2exp
τ−



 τγ     (4.5.15) 
The entire evolution and diffusion encoding of the density operator can be computed 
in the same way like was described in chapter 2.4 for multiple quantum coherences. The 
second Hahn echo appears for t τ=  on the y direction: 
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The decay due to diffusion and transversal relaxation time in this moment of time, 
( )2 τ+τ  from the beginning of pulse sequence is: 


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




−
τ+τγ DG
1,1
0aT
21
] 2T 212e2 τ+τ− [ 323122 DG3exp τ+τγ− .         (4.5.17) 
In this point we have to present two differences between the actual simulation program 
and this theoretical approach used to underline som
1) Here the pulse are treated like hard pulses producing a rotation with an angle θ or 2θ in the 
simulat
ne variable to describe the z-magnetization into a voxel, then 
the eff
 method this is not a important fact abele to modify the result and the 
reason for that is the fact that we are measuring the Hahn echo, which is produced by 
coherences with the history only in xy plane after the first pulse and we are not measuring the 
e aspects of implementation of diffusion: 
ion program the pulses, as was shown before, are considered like a general rotation 
around the effective axis in practical for simplicity being a sum of three rotations. A direct 
result is a longer mixing of xy coherences between them and with the z-polarization after a 
pulse. 2) In this simple approach it was possible to present that the effect of diffusion on the z 
magnetization is applying only to that z-polarization, which is coming from an x or y 
coherence. In the C++ program because it is impossible to compute all coherences and 
polarization, using the real effect of pulse, which jus was explained in the first difference, 
after each pulse we have only o
ect of diffusion was applied on all z-polarization. Fortunately, for the simulation of a 
constant time relaxation
stimulated echo with history on xy-coherences and z-polarization. The stimulated echo is: 
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 In the revise the program is starting by reading the B0 and B1 field maps. It is setting 
the initial value of τ1 and τ2. Then, for all voxels from the sensitive volume, is computing the 
B1n and the gradient. The simulation of spine system response starts from equation (4.5.8) and 
is ending with a computation of Hahn echo. The simulation is repeated for all voxel from 
sensitive volume and the result is added into a single spine system response. Like in the real 
measurement the magnitude of signal is computed. The maximum of this echo is searched and 
an average value is computed using this maximum and another 5 points from before and after 
this. The result is stored for this particular value of τ1 and τ2. The value of τ1, set as minimum, 
is increase with a step and in the same time τ2, set as maximum, is decrees with the same step 
in such a way that τ+τ  to be constant. All these computation are repeated for all voxels 
1 2 1 2 2
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from sensitive volume and for all value of τ  and τ  until τ  has the initial value of τ  and τ  
has the initial value of τ . By normalization to the first point we have a dependence of 
diffusion, τ  and τ  give here for a single voxel from equation (4.5.17) by:  
[ ] τ+τγ− 323122 DG32exp .        (4.5.19) 
 We have to subject into attention the special case of τ=τ=τ 21 . In this case the 
moment of appearance of this two echoes is the same and we have a superposition of echoes: 
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From this equation, valid only for a voxel, we can see that the echo resulted by 
superposition of this two echo, Hahn and stimulated, is no longer independent from
1 2
3D2G28 τ−τγ−
.   (4.5.20) 
 relaxation 
time and moreover the encoding of diffusion is different for this tw
d. It w  choose a wide range for 
diffusion coefficient but appropriate for each sample. Then into a loop the diffusion 
coefficient was changed with a certain step and for each value the coincidence with the 
measured curve was tested using the standard “mean square deviation”. In the fitting 
procedure the steps in which were modified τ1 and τ2 was the same like in the measurements. 
o echoes. For this reason 
this point was subtracted from simulation and from measurement. 
 For fitting a simple procedure was implemente as
 
Chapter 4.5 Self-diffusion measurements by a constant-relaxation method  
in strongly inhomogeneous magnetic fields 
184
For gra
 In this simulation we have used a voxel with the dimension of 2µm x 2µm in the rz 
plane, resulting a total number of 415426 voxels in the sensitive volume. For each voxel was 
tacked 
eal bandwidth of the spectrometer. A 
imulation was performed into about 20 min and a fitting for a sample was taking usually 
several hours on a 1.7 GHz Pentium 4 PC with 1024 Mbytes SDRAM memory. 
 
 
4.5.3 Samples 
 
Low viscosity liquids 1,2-propandiol and glycerine were purchased from Fluka Chemie AG, 
and from Sigma-Aldrich, respectively. High viscosity liquids polyethylenglycol with a molar 
mass Mw = 10000 g/mol and silicon oil SLM 55006 with M = 00, w re ac
Aldrich Chemie and Wacher-Chemie GmbH, Germany. 
 
ical 
heterogeneity.  
phical representation a supplementary simulation was performed with, in generally, a 
bigger number of points. 
into account an expansion to respected the cylindrical symmetry an in the final to have 
in fact a spatial simulation. In the delimitation of sensitive volume two filter were applied the 
one of the sensor, the NMR coil with a Q = 20, and the r
s
w 52 e quired from 
In addition of these liquids a series of different cross-linked samples from 
commercially available natural rubber (NR) SMR10 (Malaysia) was investigated. The 
additives were 3 phr (parts-per-hundred-rubber) ZnO and 2 phr stearic acid. The sulphur and 
accelerator contents of the samples are given in Table 1. The accelerator is of the standard 
sulphenamide type (TBBS, benzothiazyl-2-tert-butyl-sulfenamide). After mixing the 
compounds in a laboratory mixer at 500 C, the samples were vulcanised at 1600 C in a 
Monsanto MDR-2000-E vulcameter. The degree of cross-linking was measured by the low 
frequency shear modulus or torque at a temperature of 1600 C in the vulcameter directly after 
vulcanisation. The measurements were performed with oscillation amplitude of ± 0.50 and a 
frequency of 1.67 Hz. The natural rubber sample was swollen in toluene for several hours 
until the equilibrium value was reached. 
Samples of sheep Achilles tendon were obtained from the butcher. The samples were 
kept at –180C after excision until the time of measurements, which were performed at room 
temperature 200 ± 10C. A plug was cut from the middle of the tendon and was wrapped with 
teflon tape in order to avoid dehydration. NMR measurements for each set of the orientation 
angles were made on at least three different tendon plugs to account for biolog
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(dashed lines) is surrounded by a cooper shield. A double spiral coil is positioned on the top of the bar magnet. 
The concept of an unilateral NMR sensor with a bar permanent magnet was introduced in 
order to search for a more uniform space distribution of f d adien  in the sensiti
mpar USE® sen
shown in figure 4.5.2. For the details concerning the magnet and the radio-frequency spiral 
coil see reference [Fec6] and chapter 4.1. The diffusion coefficients measurements were 
preformed on 1H with the pulse sequence presented figure 4.5.1 u
4.2 µs and a repetition delay of 1 - 10 s. The bar-magnet NMR-MOUSE® was operated by a 
Bruker
ence of figure 4.5.1 with a 
 
 
 
 
 
 
 
 
Figure 4.5.2 The geometry of the bar magnet NMR-MOUSE®. The permanent magnet with a cylindrical shape 
 
 
4.5.4 NMR experiments 
 
iel gr ts  ve volume 
co ed with the u-shape magnet of the conventional NMR MO sor (see chapter 
4.1). The geometrical configuration of NMR sensor used in the present measurements is 
sing a pulse of duration of 
 Minispec spectrometer at the carrier frequency of 19.7 MHz. 
 The self-diffusion coefficients of water, propandiol, polyethylenglycol, silicon oil, and 
toluene in NR samples were also measured by the pulsed gradient stimulated echo method 
(PGSE) [Cal1, Kim1] and the time constant relaxation pulse sequ
Bruker DMX 300 NMR spectrometer operating at 1H frequency of 299.87 MHz. In these 
measurements the 900 pulse length was 11 µs, and the strength of the constant magnetic field 
gradient was Gz = 0.142 T/m. For PGSE method the maximum strength and duration of the 
gradient pulses were 0.474 T/m and 1 ms, respectively. The gradient strength was changed in 
64 equidistant steps. 
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Figure 4.5.3 Simulated distributions of the z component of the static magnetic field for the cylindrical bar 
magnet at the magnet pole face (z = 0). The z-axis is parallel to the cylinder axis of the magnet. 
 
 
4.5.5 Characterization of the local gradients of the bar-magnet NMR-
MOUSE  
 
0z 0z 
c magnetic field gradient (G2) can be obtained using 
equatio
shown in figure 4.5.4(b) is to a good approximation linear. 
®
The evaluation of the self-diffusion coefficients using the simulation program discussed 
above needs the space distribution of the field gradients and the parameters of the sensitive 
volume. The field gradient map can be evaluated from the simulation of the static magnetic 
field map. These have been obtained using the finite element analysis program OPERA 3D 
from Vector Fields® for a cylindrical shape permanent magnet made of NdFeB. The axial 
component B  of the static magnetic field is shown in figure 4.5.3 B  was also measured at 
the surface of the radio-frequency coil by a homemade scanning device equipped with a Hall 
probe and the result was found to be in a good agreements with the simulation [Fec10]. 
 The map of the square of the stati
ns 4.5.5 and 4.5.6 from the field components maps considering that for each voxel the 
changes in the magnetic field can be approximated by a linear magnetic field. The map of G2 
is shown in figure 4.5.4(a). It is evident that the spatial distribution of the field gradient is, in 
general, non-uniform. The apparent discontinuities of the G2 distribution shown in figure 
4.5.4(a) are due to the numerical artefacts. Nevertheless, the static magnetic field along the z-
direction that is 
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Figure 4.5.4 (a) Space distribution of the square of the static magnetic field gradient G. (b) The variation of the 
rength of the static magnetic field along the z direction at different radial positions.  
Many features of the sensitive volume of bar magnet NMR-MOUSE were described 
 
r the quality factor Q = 20 for the NMR coil and the other for the spectrometer bandwidth. 
 we compare the space distribution of the NMR signal (cf. figure 4.4.2(d)) with the G2 map 
nt that the magnetic field gradient is not uniform across the 
ensitive volume. This fully justifies our effort to develop a numerical program, which 
ual 
To test the performance of the bar-magnet NMR MOUSE  in measuring self-diffusion 
coefficients, the time constant relaxation method (see figure 4.5.1) was applied to distilled 
n 
1 2 umerical simulation was 
performed using the program described in chapter 4.2 (black circles in figure 4.5.5(a)). From 
the simulation and measurements the data taken at τ  ≈ τ  were excluded where the simulated 
and Hahn echoes are superimposed (cf. figure 4.5.5(a)). The self-diffusion coefficients 
estimated from this simulation is D = (2.25 ± 0.05) 10  m s  in a good agreement with the 
reported value of D = 2.023 10  m s  measured at 20 C (Bruker Almanac 2002). This also 
supports the assumption of a linear gradient on the length scale of diffusive displacement. 
Moreover, this also proves that the simulation program provides reliable results. 
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in details in the chapter 4.4. In the simulation two filters were applied: the first one accounts
fo
If
(cf. figure 4.5.4(a)) it is evide
s
describes the overall NMR echo signal as a sum of the signals originating from individ
voxels. 
 
4.5.6 Self-diffusion measurements 
 
®
water at room temperature. The normalized values of the Hahn echo amplitude are shown i
figure 4.5.5(a) for the pulse sequence with τ  + τ  = 0.5 ms. The n
1 2
-9 2 -1
-9 2 -1 0
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b)a) 
Figure 4.5.5 (a) Normalized amplitudes of the Hahn echoes for the pulse sequence of figure 4.5.1 applied to 
istilled water at room temperature for τ1+ τ2 = 0.5 ms. Open circles: experimental data from bar- magnet NMR-
OUSE® and black circles: simulated data. (b) Normalized Hahn echo amplitudes acquired at 300 MHz with a 
ruker NMR spectrometer for a pulse flip angle of 900 for τ1+ τ2 = 10.1 ms A time constant gradient Gz = 0.142 
/m was applied during the pulse sequence. The measurement with NMR-MOUSE® was performed by Dr. 
artin Klein. 
As another test of the performances of the constant time relaxation method the 
iffusion coefficient of water was measured with a Bruker DMX-300 NMR spectrometer in 
0
5.1) in figure 4.5.5(b). The changes in the echo amplitude at the values of τ1 
where the stimulated and Hahn echoes start to be superimposed are evident. The simulation 
The possibility to measure self-diffusion coefficients for liquids with a relatively broad range 
of diffusion coefficients was investigated by time constant relaxation method (cf. figure 4.5.1) 
with the NMR-MOUSE . The measured data points are shown in figure 4.5.6(a) (open 
τ τ τ τ τ τ
d
M
B
T
M
 
 
d
the presence of a constant field gradient. The data are shown for a pulse flip angle of θ = 90   
(cf. figure 4.
program for a constant field gradient provides a diffusion curve (not shown in figure 4.5.5(b)) 
which is in a good agreement with the experimental data, giving an estimated value of the 
diffusion coefficient of D = 2.27×10-9 m2s-1 (see above). It is clear from figures 4.5.5(a) and 
(b) that the overall shape of the diffusion encoded amplitude of the Hahn echo are the same 
for the case of a space constant linear magnetic gradient field and a complex space 
distribution of field gradients present in the case of NMR MOUSE®. 
 
4.5.7. Self-diffusion coefficients of liquids with different viscosities 
 

symbols) for toluene ( 1+ 2 = 0.5 ms), propandiol ( 1+ 2 = 1.6 ms), and glycerine ( 1+ 2 = 
3.1 ms). 
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b)a) 
Figure 4.5.6 Normalized Hahn echo amplitudes measured with the pulse sequence of figure 4.5.1 versus τ1 for
τ1+ τ2 = const. Experimental data obtained with the NMR-MOUSE® for toluene, propa
 
ndiol and glycerol (a) and 
quid polymers polyethylenglycol and silicon oil (SLM55006). Simulated data are shown by filled symbols. The 
resultant values of the diffusion coefficients are listed in Table 1. The measurements with NMR-MOUSE® were 
rform
Table 4.5.1 Self-diffusion coefficients D measured on liquids using the time constant relaxation method with a 
Liquid DNMR-MOUSE (10  m s ) Dliterature (10  m s ) 
li
pe ed by Dr. Martin Klein. 
 
bar magnet NMR-MOUSE®. In the last column literature values of the diffusion coefficients are given.  
 
-9 2 -1 a -9 2 -1  
Toluene 2.7 2.27b 
Propandiol 0.045 0.041d 
glycerine 0.0047 0.00215c 
polyethylenglycol 0.0082 0.0087d 
silicon oil (SLM5506) 0.0045 0.0049d 
a The uncertainties are less than 15%. 
S. Fernbach, W.G. Protcor, J. Appl. Phys. 26, (1955) 170-181. 
The D values were measured using PGSE on DMX – 300 Bruker NMR Spectrometer 
b Reported in the Bruker Amanac 2002. 
c 
d 
The results of the numerical simulations performed with the program described in 
chapter 4.2 are shown by black circles in figure 4.5.6(a). The best fit of the experimental data 
leads to the values of diffusion coefficients listed in Table 4.5.1 
For these low viscosity liquids the values of self-diffusion coefficients reported in the 
literature or measured on the same samples using PGSE method on DMX-300 NMR 
spectrometer are also given in Table 4.5.1. They differ by about 20 % from the values 
measured with NMR MOUSE®. These differences are expected from the inaccuracy in the 
magnetic field maps from local magnet heterogeneities. Moreover, a change in the sample 
temperature during the measurements with NMR MOUSE® was detected which influences 
the diffusion measurements.  
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Polymer liquids with lower values of the self-diffusion coefficients were also 
m red. The large value of the average field gradient allows for an efficient diffusion 
encoding of the Hahn-echo amplitude. Normalized signals are shown in figure 4.5.6(b) for 
polyethylenglycol and silicon oil (SLM5506) comparing experimental data (open symbols) 
and the numerical simulation (black circles). The values of the diffusion coefficients are 
reported in Table 4.5.1. These values compare well with those obtained from measurements 
using PGSE method on DSM-300 NMR spectrometer (see Table 4.5.1). 
 
4.5.8 Proton diffusion anisotropy of toluene in natural rubber samples 
 
r NR1, NR4, and NR7. They were fitted with the program described in chapter 2 (black 
1 2
s
 the same method with a high-field 300 MHz NMR spectrometer are also shown (open symbols). The 
measurements with NMR-MOUSE® were performed by Dr. Martin Klein. 
easu
The diffusion coefficients of toluene swollen in the samples of a cross-link series of natural 
rubber (NR) (cf. Table 1 from Appendix 1) were measured by the constant-time relaxation 
method and the NMR MOUSE®. The data shown by the open symbols in figure 4.5.7(a) are 
fo
circles in figure 4.5.7(a)), and the diffusion coefficients were estimated. The dependences of 
the logarithm of diffusion coefficient versus the weight concentration at equilibrium cs for a 
series of cross-linked NR are shown in figure 4.5.7(b). The functional dependence follows 
qualitatively the functional dependence given by equation 2.6.3. Moreover, the diffusion 
coefficients of toluene in samples NR1 and NR7 were measured for the same samples at 200 
MHz by the pulsed gradient stimulated echo method (figure 4.5.7(b) open symbols).  
 
a) b)
Figure 4.5.7 Experimental data, fitted curves and self-diffusion coefficients of toluene in the samples from a 
cross-link series of natural rubber (see Table 4.5.1). (a) The normalized Hahn echo amplitude (open symbols) 
measured with time-constant relaxation method for τ + τ  = 0.5 ms for samples NR1, NR4, and NR7. The fit 
with the simulated values (black circles) produces the diffusion coefficients. They are shown in (b) versus the 
mass concentration (c ) of the imbibed toluene. The measurements of the diffusion coefficients for NR1 and NR7 
obtained by
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These coefficients differ by about 20% from those measured with NMR MOUSE®. 
This is probably due to the heterogeneity o e permanent magnet that is not taken into 
account in the field simulation. At the same time the samples have a heterogeneous 
distribution of the transverse magnetization relaxation. Moreover, we shall note that there is a 
contribution to the Hahn-echo from the elastomer protons that is not encoded by diffusion but 
just only by transverse relaxation. This contribution can be neglected in the first 
approximation because of the high equilibrium concentration of toluene and the much shorter 
value of T2* for the polymer chains.  
 
 
Tissues that have a regularly ordered microstructure, such as white brain matter and cardiac 
proton 
self-diffusio opy of bovine chilles ten ured us  a pu pin 
echo with a superconducting magnet operating at 1.5 T [Hen1]. The anisotropy is due to the 
existence r confined in the nan  regions between the co ibrils well 
oriented al croscopic axis of the t
 rence frame (PAS) with the  axis oriented along the collagen 
 by 
 (4.5.21) 
ame (LF) with the  axis 
oriente
f th
4.5.9. Proton self-diffusion anisotropy of free water in bovine Achilles 
tendon 
 
and skeletal muscle reveal a marked anisotropy in the diffusion properties [Sin1]. The 
n anisotr  A don was meas ing lsed gradient s
of free wate oscopic llagen f
ong the ma endon. 
In the principal refe Pzˆ
fiber the diffusion tensor is given
 
= ⊥PAS 0D0D ,    
 ⊥ 00Dt
 ||D00
D⊥  and D|| correspond to the self-diffusion coefficients oriented perpendicular and parallel to 
the Pzˆ  direction, respectively. In the laboratory reference fr Lzˆ
d along the magnetic field gradient the diffusion tensor can be written as 
( ) ( )γβαγβα= − ,,RD,,RD 1PASLF tt ,    (4.5.22) 
where R(α, β, γ) is the Euler rotation matrix defined for instance in reference [SRo1]. The 
Euler angles (α, β, γ) describe the rotation from the PAS to the LF coordinate system.  
 For an uniaxial symmetric confinement of the free water in a tendon plug an average 
over the Euler angles α and γ (denoted by a bar) has to be performed. From equations (4.5.21) 
and (4.5.22) we finally obtain for the angular average of the zz component of the diffusion 
tensor measured in LF: 
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igure 4.5.8 (a) Measured (open symbols) and simulated (black circles) normalized Hahn echo amplitudes for 
Θ
a) b)
F
the constant time relaxation method with τ1+ τ2 = 0.5 ms on a plug of bovine Achilles tendon oriented at three 
angles  relative to the z axis of the bar magnet. The values of the diffusion coefficients obtained from the 
simulation are shown versus angle Θ in (b). The angular dependence of the self-diffusion coefficients predicted 
by equation (4.5.23) with the measured values of D⊥ and D is shown by the continuous line. The measurements 
with NMR-MOUSE® were performed by Dr. Martin Klein. 
 
( ) DcosDsinD 22zz β+β=β ⊥ .       (4.5.23) 
where D⊥  and D|| correspond to the diffusion coefficient measured for the sample oriented at 
the angles β = 00, and β = 900, respectively. The polar angle β describes the orientation of the 
collagen fibril axis relative to the static magnetic field direction. 
 The constant relaxation method and the NMR-MOUSE® were employed for 
measuring D(Θ) of free water in bovine Achilles tendon for three orientations Θ = 00, 350 and 
00 of the tendon plug axis relative to the symmetry axis of the sensor. The main contribution 
to the Hahn echo comes from the free water. The spin coherences from the protons of the 
collagen fibrils and bound water are not refocused at the position of the Hahn echo. The 
experimental values of diffusion coefficients obtained by fitting the experimental data 
according to the numerical procedure described in chapter 2.6 are shown in figure 4.5.8(a). A 
monotonic change in the diffusivity versus the orientation angle 
9
Θ  is observed as described 
by equation (4.5.23).  
The orientation angle between the axes of the tendon and the permanent magnet axis is 
denoted by Θ. It is slightly different from the angle β. This is because the collagen fibers have 
lindrical permanent magnet. 
a small angular distribution around the tendon symmetry axis that can be described by a 
Gaussian angular distribution function with a standard deviation of σ ≈ 130 and a centre of 
distribution at about 40 [Fec4]. Moreover in the selective volume the directions of the field 
gradients are not strictly parallel to the axis of the cy
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Nevertheless, in the limit of these approximations it is expected that the diffusion coefficient 
( )βzzD  is not very different from D(Θ).  
Because D(Θ = 00) > D(Θ = 900) the volume explored by diffusion of the free water 
molecules is extended along the collagen fibrils. Using equation (4.5.23) one can predict the 
value of the diffusion coefficients at any orientation angle ( )βzzD ≈ D(Θ) from the 
0 0
one obtain the value D(Θ = 35 ) = 3
coefficients D(Θ = 0 ) and D(Θ = 90 ) (see continuous line in figure 4.5.8(b)). For instance, 
0 .6•10-10 m2/s, which is close to the measured value of 
.7±0.1)•10-10 m2/s. The anisotropy ratio D(Θ = 00) / D(Θ = 900) can be evaluated from the 
ata shown in figure 4.5.8(b) and has the value 2.5. The anisotropy of the tendon seems to be 
[Hen1]. 
A constant relaxation method using the Hahn spin echo generated by the pulse 
(3
d
bigger by a factor of 1.5 than the values measured for both white matter and the optic nerve 
sequence echoHahn22 2y21y1x −τ−θ−τ+τ−θ−τ−θ  with τ1+ τ2 = const was investigated 
for its use in strongly inhomogeneous static and radiofrequency magnetic fields of the bar-
magnet NMR-MOUSE. A C++ program was written which is able to describe the strength of 
the Hahn spin echo of a collection of isolated spins by taking into account the encoding of the 
coherences and z polarizations by molecular diffusion. This program has as input files the 
maps of B0, B1 and the static filed gradient. Once the NMR sensor has been characterized by 
eld m
l procedure. The high value of the average field gradient 
of the order of G ≈ 30 T/m allows the measurements of self-diffusion coefficient as low as D≈ 
10-16 m2/s. Even lower values can be measured if pulse sequences, which exploit both the 
static and radio frequency field gradients, are used. 
lated with the 
cross-link density and the shear modulus of the elastome
ree of order in connective tissues by the self-diffusion measurements.
fi apping the device can be used for the measurements of self-diffusion coefficient in a 
broad range of values using numerica
 The bar-magnet NMR-MOUSE® was used for measuring the diffusion coefficients of 
solvents swollen in cross-linked elastomers. The experiments were performed on a series of 
samples of natural rubber and showed that the diffusion coefficients can be corre
rs. This technique constitutes an 
alternative to measuring the transverse magnetization relaxation [Fec5] for information about 
the cross-link density of elastomers. 
The constant relaxation time method in strongly inhomogeneous magnetic fields can 
also be used to characterize the anisotropy of the diffusion coefficient of free water in 
biological tissues, which has been demonstrated for Achilles tendon. The mobile NMR sensor 
is able to assess the deg
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4.6 Elastomers with industri applications 
 
4.6.1 NMR-MOUSE® investigation of heterogeneities elastomers by 
transversal relaxation in the rotating frame T1ρ 
 
The longitudinal nuclear magnetization relaxation in the rotating frame, T1ρ is a sensitive 
parameter to the slow molecular motions, which are present in elastomers. The frequency 
window is in the same range as that given by transverse magnetization relaxation. Therefore, 
al 
T1ρ 
ting frame, T1ρ using NMR-MOUSE . This 
ensor is particularly suitable for this type of measurements on large objects. Moreover we 
willto compare the sensitivity of this NMR transport param er t detec elasto
e
l relaxation is followed during spin-lock pulse typically with variable 
length 
is expected to be sensitive to the changes in the cross-link density and filler content. 
 The objectives of the investigation are to detect the spatial heterogeneities in the cross-
link or filler distributions for two industrial elastomer samples labelled N and S2 by 
measuring proton spin-lattice relaxation in the rota ®
s
et o t mer space 
distributed heterogeneities with the measurements based on the 1H transverse magnetization 
relaxation. 
 
Pulse sequence and experimental settings 
 
The T1ρ transport NMR parameter was measured using the pulse sequence presented in figure 
4.6.1(a). This pulse sequence is adapted to the one-side NMR sensor working in strongly 
inhomogeneous magnetic fields as NMR-MOUSE®. A spin-look pulse of duration τ0+τSL 
follows the preparation θx radio-frequency pulse of duration 2.5 µs. The initial point in the T1ρ 
measurements starts with spin-look pulse of duration τ0 = 500 µs to avoid the volume 
selection produced by the transverse relaxation in the rotating fram .  
The longitudina
in the range of τSL =0-100 ms. The detection of the signal measured in the magnitude 
mode is done by the Hahn-echo. The width of the 2θx pulse is the same as of the preparation 
pulse in order to avoid the volume selection. The amplitude of the Hahn-echo is measured in 
several points around the maxim and an average value is given by the NMR-MOUSE®. The 
Hahn-echo time τ was 50 µs. The recycle delay was 0.6 s. 
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The T
The measured Hahn-echo amplitude decay was fitted using ORIGIN program with single-
exponential and bi-exponential functions. The confidence value for the best fits was about 
R =0.95 and chi =2.25, reflecting the presence of noise in the experimental data. Majority 
of the decays presents bi-exponential characteristics. This behaviour is well known for 
elastomers where in the presence of dangling chain and sol fractions even three different 
fitting functions has been applied. We have to note that because of the τ  delay introduce 
in the spin-lock pulse to avoid the effect of volume selection the initial part of the decay a 
partially lost in our data. 
Typical longitudinal magnetization decay is shown in figure 4.6.1(b) for the 
sample S2 measured in position 1 (see above). A single exponential can fit this decay but 
the data recorded for a longer spin-lock times are not well represented by this function. 
a) b)
Figure 4.6.1 a) the spin-lock pulse sequence; b) example of a Hahn echo decay as a function of τSL. 
 
 
1ρ decay processing 
 
2 2
0
( )


 τ−+=τ
ρ11
SL
10
SL expAAE ,   (4.6.1) 
A much better fitting is given by a bi-exponential function. Now the magnetization 
evolution at short as well at longer decay times can be represented by this fit function: 
( ) =τSL AE
( ) 



T0E
( )
 τ−+ τ−+ SLSL expAexpA .       (4.6.2)  ρρ 2121110 TT0E
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a)  Pos  5 
T = 10.23 ms 
Pos  6 
T = 12.02 ms 
Pos  11  Pos  11 
b)
Figure 4.6.2 The heterogeneous distribution of the T1ρ along plate sample a) N and b) S2 fitted by a bi-
 
The 1H spin-lattice relaxation in the rotating frame 
 
The measurements of T1ρ using NMR-MOUSE  were performed for the six top-bottom 
different po
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®
sitions, numbered 1-6 on the top face and 7-12 on the bottom face of the elastomer 
lates as shown in figure 4.6.2(a) and 4.6.2(b) for two carbon black filled elastomers sample 
tively. The sample labelled S2 presents a 
peculiar NMR behaviour at the position nr. 5, marked by a grey circle (see figure 4.6.2(b)). 
e
e T1ρ values is evident 
betwee
es exists and therefore, this T1ρ 
integrated dispersion is expected to be more sensitive to the changes in the segmental chain 
motions due to variation in cross-link density and filler content, compared to T2 
p
obtained from industry, labelled N and S2m, respec
This is due to the presence of a high concentration of carbon fillers, which by skin effect 
produce a strong absorption of the radio-frequency power. 
 There are small systematic differences between the T1ρ values for both faces, which 
can be interpreted as revealing the presence of small heterogeneities. Also, thes  
heterogeneities are not very pronounced across the sample surface. This is not the case with 
the data measured for the sample S2 where a large dispersion of th
n the sample faces and across the sample surfaces. 
Proton magnetization relaxation in the rotating frame proves that is a useful NMR 
transport parameter for investigation of the space distribution of the cross-link density and 
filler content. The parameter measured is actually, a T1ρ integrated dispersion as a result of 
the strong distribution of the B0 and B1 fields for the NMR-MOUSE® sensor. In elastomers a 
strong distribution of segmental motion correlation tim
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measurements. This fact is evidenced by our data. For the sample N the relative variation of 
the T1ρ,av across the sample surface is about 25% compared to the T2av of about 5%. The 
T1ρ measurements are more sensitive to the presence of carbon fillers compared with T2 
measurements. This is due to the reduction of the effective B1 field, which produce spin 
locking of the proton nuclear magnetization. In our investigation this effect was used to put in 
evidence the presence of a strong heterogeneity in the sample S2 at position nr. 5. The 
distribution of the cross-link density and filler content for investigated samples measured by 
T1ρ corroborates well with the measurements made using T2 NMR parameter. 
 
.6.2 Investigation of heterogeneities in elastomers by high field NMR 
aging 
The NMR imaging and space localized NMR spectroscopy have been proved to be powerful 
up-
tak
 
link ing 
pro 1 e 
sen  
het
 
 
 
 
Figure 4.6.3 The general Hahn echo pulse sequence for recording a) 1D and b) 2D T2-weighted images. 
 
 
 
4
im
 
tools for investigation of heterogeneous elastomers. Defects and the distribution of the 
en liquids were investigated successfully by these methods. 
The objectives of the investigation are to detect the spatial heterogeneities in the cross-
ing or filler distributions for two elastomer samples labelled N and S2 by measur
ton ( H) one-dimensional (1D) as well as two-dimensional (2D) images NMR images. Th
sitivity of these NMR images measured in high magnetic fields is compared with the
erogeneities detected by NMR-MOUSE® (see the preview section). 
a) b)
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Experimental set-up  
 
The NMR images weighted by T2 relaxation where recorded using standard 1D and 2D pulse 
sequences. These sequences are shown in figure 4.6.3. The 1D projection along the gradient 
direction was recorder using the frequency encoding method (see figure 4.6.3(a)). The 2D 
images were recorded using a combination of frequency encoding method on x-direction and 
phase encoding method on y direction (see figure 4.6.3(b)). 
The samples were represented by small rectangular plates of about sizes 8.6 mm × 4 
mm ×15 mm cut from the corner of the elastomer big plates. The duration of excitation pulse 
was 10.5 µs and of refocusing pulse 21µs. The resolution was 58.6 µm/pixel and an field of 
view of 15 mm for the 1D images and a resolution of 234.8 µm/pixel × 468.8 µm/pixel and an 
m for the 2D images. The images have been processed using PV-
AVE visual numeric software.  
One-dimensional H NMR images (projection) weighed by T  relaxation were recorded for 
the small pieces taken from plates N and S2. In figure 4.6.4 this projection is shown in the 
direction on the top/bottom faces (hereafter called x-direction as can be seen in the figure 
4.6.4(e)), and perpendicular to this direction (called y-direction as can be seen in the figure 
4.6.4(f)). On these faces the measurements T1ρ were perform and hence these results can be 
compared with the measurements at high fields. It is evident from figure 4.6.4(a) representing 
the sample N that the two faces have the same intensity of the signal and therefore a more or 
less with the same cross-link density and/or filler content. Nevertheless, the sample is 
heterogeneous in this direction.  
The transverse relaxation time is much shorter in the middle of the sample, i.e. the 
signal 
field of view of 20 m
W
 
 
Proton 1D NMR images of N and S2 sample 
 
1
2
is lower in intensity compared with the surfaces. This can be explained by a larger 
value of the cross-link density and/or filler content. This effect can be detected in principle 
also with NMR-MOUSE® having a better space resolution. Another two 1D projections (see 
figure 4.6.4(b)) was recorded for the same τ value but with the gradient oriented now in the 
perpendicular direction (called y-direction). The projection is more symmetric as before 
showing a more uniform average distribution in the cross-link density and filler content.  
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a) b)
e) f) 
c) d)
Figure 4.6.4 1D images for a smallest piece of sample (a-b) N and (c-d) S2 with the gradient oriented along e) x 
direction for (a-c) and f) along y direction for (b-d).  
 
 The situation change dramatically for the case of sample S2. The x- projection NMR 
images are shown in figure 4.6.4(c). Form this figure it is clear that the “bottom” face has a 
smallest value of T2 (a fast relaxations, and from signal point of view a fast decay) compared 
with the “top” surface. Nevertheless, exist a region inside of the sample for which the 
transversal relaxation has a smallest value indicating a bigger stiffness of sample. These 
results corroborate well with the previous measurements made using T1r by NMR-MOUSE®. 
ose of 
mple N and can be interpreted in the same way. 
From the point of view of the y projection shown in figure 4.6.4(d) is similar with th
sa
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Proton 2D NMR images of N and S2 samples 
 images (contour plot and 3D 
represe
“top” and “bottom” faces. Also it is evident that the intensity in the image is changing 
between these two surfaces. This is in agreement with the 1D projection.  
Larger heterogeneities are also present in the 2D images of sample S2 shown in figure 
g
ontour plot image (figure 4.6.5(c)) reveals also interesting 
haracteristics of this sample, which seems to be composed by alternating dark and 
ighlighted slices, oblong from top to bottom.  
 
 
Proton 2D NMR images weighted by transverse nuclear magnetic relaxation can be generated 
from the small samples cut from the elastomer plates. It is not possible with our NMR 
tomograph to obtain images from a sample with relatively large dimensions, or at centimetre 
scale. Therefore, it is expected not to detect too much heterogeneity. Nevertheless, it is 
evident from figure 4.6.5(a) and (b) where different 2D
ntation) are presented for the sample N. We can see some small differences between 
4.6.5(c) and (d) for contour plot and 3D representation, respectively. A radient in the 
intensity of the images is observed from the top to bottom face, which is concordance with the 
1D projection of this sample. The c
c
h
 
 
Figure 4.6.5 Transversal relaxation weighted 2D images of sample (a-b) N and (c-d) S into a bi-dimensional 
representation (a-c) and three-dimensional representation (b-d). 
 
a) 
c) 
b)
d)
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Proton 1D and 2D NMR images weighted by transverse nuclear magnetic relaxation 
support the results obtained using NMR-MOUSE®. One-dimensional projections in the well-
ore informative comp  with two-dimensional images and can be 
performed more faster. This fact is related to the reduced sizes or the sample, which can be 
used in our experiments and the surface, which is imaged. Of course, the investigation can be 
performed using samples cut from different regions of the elastomer plate. This procedure is 
time consuming and the sample is destroyed in comparison with the NMR-MOUSE®, which 
is a non-destructive method. Proton 1D and 2D NMR images show clear differences between 
the two faces of the samples. Moreover, in the direction perpendicular on these faces a 
ple properties was detected which can not be revealed easily by the NMR-
® at millimetre scale but which was revealed at centimetres scale. 
This investigation shows the ability of NMR-MOUSE sensor in characterizing the 
space distribution of the cross-link density and filler content on the centimetre scale. The 
sensor is less expensive compared with a NMR tomograph and the measurements can be done 
easily. The performances related to the sensitivity, accuracy and duration could be improved 
by a new generation of NMR portable sensors. Even at this stage it was clearly shown that T2 
and especially T1ρ NMR transport parameters could be used to characterize the distribution of 
heterogeneities in sample relevant for industrial application. 
 
Proton 2D NMR images of a series of drug delivery samples 
 
An important class of materials are the zeolite because contain large pore. For example a 
interesting application of these zeolites can be found in medicine where these are used to 
excellent method to investigate the dimension of 
 In the figure 4.6.6 are presented a series of 2D images for a series of zeolites. Usually such 
an image is encoded by the spin density and transversal relaxation. In order to obtain a image 
τ τ
the T2 encoded images (right series) can be 
ttributed to large difference in the spin density, an indication of porosity. 
defined direction can be m ared
distribution of sam
MOUSE
encapsulate different drug, which will be released in the moment of application of zeolite on 
the skin. Nuclear magnetic resonance is an 
such porous materials. 
weighted only by T2 two image are recorded for two echo time,  (see figure 4.6.3(b))  = 0.5 
ms (left series in figure 4.6.6) and τ = 1.0 ms (centre series in figure 4.6.6) and ration between 
these two must be performed (right series in 4.6.6). Almost for all samples the image encoded 
by the spin density and T2 (left and centre) present more heterogeneities, especially smallest 
dark region. Because these are no longer found in 
a
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en these two (right series). 
 
 
 
 
 
 
 
 
Figure 4.6.6 Transversal relaxation weighted 2D images of a series of zeolite sample recorded for two echo time 
 = 0.5 ms (left series), τ = 1.0 ms (centre series) and ratio betweτ
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4.6.3 D
ence 
 

The transverse magnetization decay is shown in figure 4.6.8 for the samples labelled 
s between 6 and 8. 
The measurements were performed in different position of the sample like in the centre and in 
 
 
etermination of cross-link density by the NMR-MOUSE® 
 
The microscopic parameters like: residual dipolar couplings, cross-link density, and the 
presence of: local strain, ageing, fillers, etc can be correlated with macroscopic properties of 
elastomers. The objectives of the present investigation are: to measure the transverse 
relaxation time for a series of sample obtained from industry labelled with number from 1 to 6 
to create a calibration curve i.e. T2 parameter versus cross-link density (the number on the 
sample 1 to 6). Moreover using this result tree additional sample labelled x1, x2 and x3 we 
estimate the cross-link density from calibration curve. 
 
Transverse relaxation measurements using CPMG pulse sequ
In the inhomogeneous magnetic fields the decay of FID (free induction decay) is to short to be 
recorded. Fortunately, simple solutions exist and this is to record the Hahn echo. For an 
inside-out NMR sensor like NMR-MOUSE  the signal is weak and the noise large due to the 
open coil, which acts like an antenna. In order to improve the signal-to-noise ratio a large 
number of scans is necessary to be recorded. The fast measurement of T2 can be mead using 
the CPMG pulse sequences depicted in figure 4.6.7. 
with 1 and 6. The number of measurement for the sample from 1 to 6 wa
the fourth corners. For the unknown sample the number of measurement was 3 in three points 
along the sample. 
 
 
 
 
 
 
 
 
 
Figure 4.6.7 The Carr-Purcell-
Meiboom-Gill (CPMG) pulse 
sequence. 
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Figure 4.6.8 Normalized CPMG echoes decay for 8 measurements on a) sample 1; b) sample 5. 
The first measurement was performed at room temperature. It was found out that the 
ansversal relaxation time T2 for this measurement is too short (approximately 0.5 ms) and 
e have only few points in the decay curve and the imprecision in measurement is large. As a 
sult the future measurement were performed at 400 C, using a temperature control unit with 
 thermostat able to keep a constant temperature in the limit of ±0.050 C [Fec13]. The recycle 
elay was 3s in order to give time to temperature control unit to stabilize the temperature after 
ach series of 800 pulses (and echoes in CPMG). Echo time was set to 100µs. 
The data were fitted using four type of fitting functions: the mono-exponential, bi-
xponential, stretch-exponential and bi-stretch-exponential: 
a) b)
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 It was found out that with the first tree fitting equation there is no dependence of T2 on 
the value labelled on the sample. But the last function called a bi-stretch-exponential it gives 
best result in building a dependence of T  versus labelled number on the sample, that is to 2
establish a correlation with the cross-link density. 
 
 
Chapter 4.6 Elastomers with industrial applications 
 
205
F
fo
igure 4.6.9 The CPMG echoes decay and the fitting with bi-stretch-exponential function (see equation 4.6.6) 
r sample a) 1and b) 6 for three measurements like 1, 4 and 6 
The value of T2 for a sample is the result of the averaging the individual values of T2 
 from the point of view of a correlation 
betwee
e 4.6.10(a)) is presented the dependence of T2 obtained by averaging the 
alues of transversal relaxations times fitted with bi-stretch-exponential function for different 
easurements. A clear linear dependence of the inverse of transversal relaxation time of the 
cross-link density is observed (see figure 4.6.10(b)). In this case an extrapolation of the curve 
r biggest value of cross-link density is natural. From this calibration graph it is possible to 
xtract by interpolation the value of “cross-link density” for the samples labeled with x1 and 
2 and by extrapolation of the linear dependence for the sample x3. 
A large number of measurements are needed to receive a T2 value, which is 
characteristic to the sample and not to a randomly measurement point. Just by choosing an 
ppropriate fitting function was possible to get a calibration curve of inverse of transversal 
le label. Making the assumption that the sample label is 
correlated with cross-link density the calibration curve is linear.  
 
a) b)
 
 
for each measurement. In this average procedure the values, which are far away form the 
average value, are excluded. For example in figure 4.6.8(a) the measurements 5 and 6 are far 
away from the rest of the measurements and were not take into account. Instead for the 
sample labeled with 6 all decay are equally probable. From figures 4.6.8 and 4.6.9 it is clear 
that there are larger differences in T2 for the same sample but in different position. Therefore, 
is difficult to have a clear interpretation of the data
n T2 and cross-link density. The decay of CPMG echoes is nice and the quality of the 
fit can be considerate very good. The error in fitting was no more than 1%. But the error in 
averaging different measurement from different position in sample is much higher (see in the 
figure 4.6.10). 
In the figur
v
m
fo
e
x
a
relaxation time T2 as a function samp
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a) b)
Figure 4.6.10 a) The transversal relaxation times, T2, versus label of sample b) Inverse of T2 versus label of 
sample assume to be correlated with cross-link density presenting a linear dependency and making possible the 
termin
and for sample 
 
4.6.4 Characterization of thermo-oxidative aging of elastomers by the 
NMR-MOUSE® 
 
The heterogeneity of the thermo-oxidative aging of 2 mm thick fluorine rubber sheets can be 
properly investigates using the temperature-controlled mea rem nts o the 
relaxation time with the NMR-MOUSE® at 50° C. The sensitive volume of the NMR-
MOUSE® is bulky near the surface of the NMR-MOUSE®, so that integral aging effects can 
be measured on thin samples. But thermo-oxidative aging introduces surface-core 
inhomogeneities in rubber which can be mapped by shifting the sample through the flat 
sensitive volume a few millimeters away from the surface of the NMR-MOUSE® obtained by 
a simplest decay of the working frequency from 20 MHz to 17 MHz. The 2 mm thick rubber 
sheets are still inhomogeneous even after 1000 hours of aging. 
 
de ation of unknown cross-link-density. 
 
Using this calibration curve was possible to extract the “cross-link density” value for the 
sample labeled as x1, x2 and x3. The errors in getting the value are very large. The value of 
cross-link density for the sample called x3 was found to be 7.2 but the error in measuring the 
T2 is large so it is much better to say that the cross-link density can be in the range from 5 to 
9. For the sample called x2 the cross-link density was found to be 5.8±1.7 
called x1 the cross-link density was found 2.7 to be ±0.8. 
 
su e f transverse 
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Inhomogeneities produced by thermo-oxidative aging of rubber  
 
Mechanical properties of cross-linked elastomers are influenced not only by the volume-
averaged crosslink density but also by the network heterogeneity such as distributions of 
residual sol, dangling chains, chain loops, and the heterogeneity of the crosslink density 
[Blü1]. Lateral surface heterogeneity of rubber materials is well known. 
The objective of present study is to demonstrate the applicability of the NMR-
MOUSE® for investigations of the heterogeneity in depth due to thermo-oxidative rubber 
ifferent ways depending on the application. The sensor frequency can be tuned to a given 
The transfer functions of the transmitter and receiver were also taken into 
accoun
m, is about 0.8 mm (see 
figure 
ity of the NMR-MOUSE® at 
is distance.  
aging. To obtain depth profiles, experiments with the NMR-MOUSE® can be arranged in two 
d
depth of the sensitive volume inside the object. This sensitive volume should be a flat slice. 
The position of the slice inside the sample can be moved by (1) mechanically changing the 
distance between the NMR-MOUSE® and the sample and by (2) retuning the NMR-MOUSE® 
to a different frequencies (figure 4.6.11). The first method is not desirable because by 
changing the working frequency the position and volume of the sensitive volume as well as 
the intensity of the signal cam suffer dramatically excenge (see by comparison figure 
4.6.11(a) and (b)) leading to big misinterpretation of data. 
The shape of the sensitive volume of the NMR-MOUSE® depends on the distance y of 
the sensitive volume from the surface of the magnet. The sensitive volume of the NMR-
MOUSE® was simulated for the U-shaped NMR-MOUSE® using the C++ program described 
in chapter 4.2. 
t. Maps of the static, B0 and the radiofrequency, B1 magnetic fields were simulated 
using the program OPERA-3D from Vector Fields and all those characteristics were already 
presented in chapter 4.1 for the U-shape NMR-MOUSE®. The changes of the static magnetic 
field B0 and the radiofrequency magnetic field B1 of the coil at a distance y from the magnets 
determine the changes in size and shape of the sensitive volume (see also chapter 4.4).  
Simulations showed that the thickness of the sensitive volume at 20 MHz, 
corresponding to a distance of y = 1 mm above the magnet syste
4.6.11(a)). In this case the volume-averaged properties of the rubber sample can be 
investigated in this slice. At 17 MHz frequency, corresponding to a distance of y = 4 mm, the 
thickness of the sensitive volume is reduced to about 0.2 mm (figure 4.6.11(b)). The 
radiofrequency coil was placed 2 mm over the magnets to compensate the decrease of the 
intensity of the radiofrequency magnetic field B1 and the sensitiv
th
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Figure 4.6.11 Simulations of the sensitive volume of the NMR-MOUSE® for different distances y above the 
magnet system: a) At 20 MHz frequency and y=1 mm the thickness of the sensitive volume is about 0.8 mm. b) 
At 17 MHz and y=4 mm the thickness of the sensitive volume is 0.2 mm. c) 1D imaging can be performed by 
moving the sample through the sensitive volume. 
lection within the sample is possible (figure 4.6.11(b) 
and (c)). During mechanical movement of the sample the radiofrequency magnetic field B1 
s obvious from figure 4.6.12(a) that 
e aging process results in a variation of T2eff across the sample thickness. The surfaces are 
ffected stronger by the aging than the centre of the sample. Moreover, depending on the air 
ferent from the other. 
To check the authenticity of the NMR-MOUSE result, 1D images along the thickness 
2
2
2eff 2
DMX 300 spectrometer have similar features. The differences in contrasts are attributed to the 
a) b) c)
 
In this an arrangement the sample could be mechanically moved through the constant 
sensitive volume, and excellent slice se
remains constant in the sensitive volume of the sensor. This provides higher stability of the 
measurements.  
To select a slice within the sample the NMR-MOUSE® was tuned to 17.2 MHz which 
corresponded to the upper surface frequency of the sample positioned on the coil. The V 02 
sample aged for 2 hours was mechanically moved through the nearly flat sensitive volume of 
the NMR-MOUSE® by lifting it with thin glass slides. It i
th
a
circulation in the aging chamber the thermal aging proceeds in different ways. One surface of 
the sample is aged dif
of the sample were recorded in homogeneous field using a BRUKER DMX 300 high-field 
imaging spectrometer. T  weighted spin density images were obtained using the Hahn-echo 
imaging method. By taking the logarithm of the ratio between two images recorded for two 
different echo times the resultant 1D image is an approximate one dimensional map of the 
transverse relaxation time T  (figure 4.6.12(b)), which correlates well with the 
inhomogeneities in the rubber sample. It is clear from figures 4.6.12(a) and (b) that the 
distribution of T  and T  in the aged rubber sample obtained by the NMR-MOUSE® and the 
different measurement frequencies. 
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Figure 4.6.12 Heterogeneity of the V 02 sample aged for 2 hours at 180° C: a) 1D image by slice selection 
mapping of T2eff with the NMR-MOUSE . b) 1D image of T2 measured on a DMX 300 spectrometer. The 
measurement with the NMR-MOUSE® were performed by Dr. Sophia Anferova. 
 
Discussions  
 
® 
2
a) b)
®
A simplest strategies of measuring flat rubber samples with the NMR-MOUSE under 
temperature control is described. A heater can be used for measurements at elevated 
temperatures for the sample with to short T  at room temperature. These devices provide 
stable and accurate temperature at varying temperatures of the environment but only partially 
balance the sample heating due to resistive loss in the radiofrequency coil of the NMR-
scans and extended recycling delays for temperature equilibration and heat dissipation. 
 Temperature-controlled measurements were conducted with the NMR-MOUSE  at 
elevated temperatures to investigate the thermo-oxidative aging of 2 mm thick fluorine rubber 
sheets. The sensitive volume of the NMR-MOUSE  is bulky near the surface of the NMR-
MOUSE , so that integral aging effects can be measured on thin samples. But thermo-
oxidative aging introduces surface-core inhomogeneities in rubber which can be mapped by 
shifting the sample through the flat sensitive volume a few millimetres away from the surface 
of the NMR-MOUSE . 
 
MOUSE®. Temperature stability during acquisition requires the additional use of dummy 
®
®
®
®
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5. Conclusions and outlooks  
 
In this thesis original NMR methods and application to materials and biological tissue were 
 these results as: 
 A new NMR method to measure residual van Vleck moments was introduced based on the 
Hahn echoes, which eliminates the effects of inhomogeneous spin interactions 
and transverse relaxation. The method applies to complex multi-spin dipolar topologies and 
provides model free access to van Vleck moments. The high-order van Vleck moments are 
more sensitive to cross-link density than the second van Vleck moment, which is usually 
used. The technique can be combined with magnetic resonance imaging for measuring 
spatially distributed residual van Vleck moments of heterogeneous soft solids.  
• The development of NMR methods that allow accurate measurements of residual second 
van Vleck moments and correlation times yields new tools to test polymer network theories 
that are more sophisticated than the theory of the freely jointed chain corresponding to a 
Markov chain. The decays of the mixed H echo represented by a combination of the 
magic and the Hahn echoes allows the investigation of the fluctuation of the dipolar 
interaction of polymer chains in the slow motion regime. The method accounts for 
multispin dipolar interactions and eliminates the interference of linear spin interactions due 
to chemical shielding, magnetic field inhomogeneities, local susceptibility variations, and 
heteronuclear dipolar interactions. The multispin dipolar correlation functions 
characterizing the mixed echo decay were derived in the approximation of a single 
correlation time and for a distribution of correlation times. Based on these dipolar 
correlation functions the 1H residual second van Vleck moment, correlation times and 
parameters of the correlation time distribution were determined for a series of natural 
rubber samples with different cross-link densities. The segmental order measured by the 
residual second van Vleck moment was shown to scale with a polynomial dependence on 
cross-link density or shear modulus. This can be interpreted by considering high-order 
developed. Moreover, numerical simulations are used successfully in the characterization of 
unilateral NMR sensors like the NMR-MOUSE. We can summarize
•
magic and 
1
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corrections to a Gaussian distribution of the end-to-end vectors. By assuming a log-
Gaussian distribution function for the correlation times and the validity of the Williams-
Landel-Ferry (WLF) equation, the center of gravity and the logarithmic width of the 
distribution function of the correlation times describing the slow motion of the network 
chains scale with the degree of topological constraints and the chemical cross-link density 
by a power-law with exponents 2.85 ± 0.65 and 3.09 ± 0.23, respectively. 
• A new distribution function that describes better the distribution of the end-to-end vector 
of a polymer chain network with excluded volume was introduced. A supplementary term 
must be introduced in the residual dipolar Hamiltonian in order to describe the dependence 
of the second van Vleck moment on the elongation ratio λ. This second van Vleek moment 
of a polymer network under mechanical stress exhibits an angular dependence described 
by the square of the Legendre polynomial function plus some correction term. Future work 
in this direction can clarify the “stress induced crystallization” processes, which appear for 
natural rubber subjected to mechanical expansion for a elongation ratio larger than two. 
• The development of the NMR methods which have an increase sensitivity to the changes 
in the residual dipolar or quadrupolar couplings for elastomer represents an important topic 
for research and quality control in terms of various internal or external parameters like 
cross-link density, filler, the presence of penetrant solvents, elongation or compression 
forces, etc. Recording separate file and numerically combining these files obtained all 
orders of multiple quantum build-up curves into a single shot experiment. The 
experimental data confirms the theoretically simulation of an increase sensibility of four-
quantum coherence than three and two quantum coherences to cross-link density. 
• A new tool to investigate the polymer networks deformation under stress was introduced. 
It is based on the self-diffusion anisotropy of small penetrant molecules in elastomers. A 
small diffusion anisotropy of the order of 10% was detected for toluene molecules in cross-
linked natural rubber samples. This mainly reflects the deformation of the free volume 
under compression. The anisotropy increases with the cross-link density and compression 
ratio. The diffusivity is isotropic for the solvent concentration much lower than the 
equilibrium value. Rod-like solvent molecules in the polymer network are likely to 
enhance the diffusion anisotropy. 
• By an appropriate combination of “Burst” pulses and the classical PGSSE sequence a new 
method for fast measurement of self-diffusion coefficient was obtained. The advantage of 
the method is the fact that by using a train of stimulated echoes the accessible diffusion 
 
times can be several orders of magnitude longer. This longer diffusion time allows 
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confined molecules to collide with the confinement walls. Examples are fluids in porous 
media and small penetrant molecules in elastomers making possible to study material 
properties. 
The 1H DQ filtered NMR signals of bound water were used to quantitatively determine 
the anisotropy of the residual dipolar couplings in tendon. At the magic angle the value of 
the residual dipolar coupling is different from zero, which is a manifestation of a 
scopic symmetry axis of the 
aussian angular distribution 
function and by a Legendre polynomials expansion, which was applied for the first time to 
 model 
• 
ombination 
• 
• 
distribution of the collagen fibril directors around the macro
tendon. This distribution was quantitatively described by a G
characterize the collagen fibril orientation in tissues. The centres of the distributions were 
slightly shifted from the tendon axis. These 1H residual dipolar couplings, which carry 
information about the orientation of the collagen fibrils in tendon, are determined
free from the DELM decay, DQ build-up curves, and doublet splitting. Our results show 
that the measurements at room temperature can be used in the initial regime of the 
excitation/reconversion periods to obtain information about the anisotropy of the residual 
dipolar couplings.  
Two new methods are presented for recording NMR images of the tendon encoded by the 
1H residual dipolar couplings. The first method exploits dipolar encoded longitudinal 
magnetization and the other one uses mismatched DQ filtered signals. The c
between images measured by matched and mismatched pulse sequences for the excitation 
of the DQ coherences allows us to obtain a residual dipolar coupling parameter map of the 
tendon samples. The changes in the residual dipolar couplings under radial and 
longitudinal compression can be detected with good contrast in the parameter maps and in 
the images. The use of a reference sample reduces the time needed to acquire residual 
dipolar coupling maps. These results open the possibility to use residual dipolar coupling 
maps to characterize qualitatively and quantitatively injuries and healing of ordered 
tissues. Moreover, the above methods discussed for tendon in vitro can be also applied to 
in vivo MRI of other ordered tissues like ligaments, cartilage, skin, blood vessels, kidney, 
muscle, white matter, and the optic nerve. 
A new NMR-MOUSE® with a bar permanent magnet was characterized in terms of the 
spatial distribution of the static and radio frequency magnetic fields. These sensors are 
simple to construct. Unilateral NMR-MOUSE® sensor with bar magnets bear superior 
potential for production, applications, and methodical innovation than conventional NMR-
MOUSE® sensors with u-shaped magnets The figure-8-type coils provide better sensitivity 
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and higher immunity to external noise. Combinations (different geometrical arrangements) 
of figure-8 coils yield better coverage of the magnet pole faces for square block magnets 
and cylindrical magnets, and even better gains in the size of the effective sensitive volume. 
A C++ program was written for the numerical simulation of the spin system response in 
the highly inhomogeneous magnetic fields for an arbitrary pulse sequence and for a 
collection of isolated spins. This program has as input files the maps of 
• 
B0, B1 magnetic 
• 
he 
• 
specially 
• 
• 
res. Thermo-oxidative aging introduces surface-core 
 
fields. The longitudinal and transverse relaxations as well as the encoding of the 
coherences and z polarizations by molecular diffusion can be taken into account. The 
sensitive volume of the NMR-MOUSE® sensor was computed numerically for different 
pulse sequence. Moreover using the C++ program several methods to save energy and 
power, which are important issues for a mobile sensor, were demonstrated.  
A constant relaxation method, using the Hahn spin echo generated by the pulse sequence  
θx – τ1 – 2θy – τ1+τ2 – 2θy –τ2 – Hahn echo with τ1 + τ2 = const., was investigated for the 
first time in the strongly inhomogeneous static and radio-frequency magnetic fields of t
bar-magnet NMR-MOUSE. Once the NMR sensor has been characterized, numerical 
procedures can be used for obtaining of self-diffusion coefficients in a broad range of 
values from experimental data. The bar-magnet NMR-MOUSE® was used for measuring 
the diffusion coefficients of solvents swollen in cross-linked elastomers and also used to 
characterize the anisotropy of the diffusion coefficient of free water in biological tissues 
like Achilles tendon.  
The investigation shows the ability of NMR-MOUSE® sensors in characterizing the space 
distribution of the cross-link density and filler content on the centimetre scale. E
the T1ρ NMR relaxation parameters could be used to characterize the distribution of 
heterogeneities in sample relevant for industrial application. The sensor is less expensive 
than a NMR tomograph and the measurements can be done easily. 
It was shown that is possible to extract the “cross-link density” value for the unknown 
sample using T2 calibration curves measured with the NMR-MOUSE®. 
The investigation of the thermo-oxidative aging of 2 mm thick fluorine rubber sheets was 
performed successfully with temperature-controlled measurements with the NMR-
MOUSE® at elevated temperatu
inhomogeneities in rubber, which can be mapped by shifting the sample through the flat 
sensitive volume a few millimetres away from the surface of the NMR-MOUSE®. 
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ppendix 1 Materials and samples 
The adamantine: was purchased from Aldrich and used without further purification. 
e investigated elastomer system: is based on commercially available natural rubber (NR) 
R10 (Malaysia). As additives, the samples of the cross-linked NR series contain 3 phr 
rts-per-hundred-rubber) ZnO and 2 phr stearic acid. The sulphur and accelerator contents 
 shown in Table 1. The accelerator is of the standard sulphenamide type (TBBS, 
nzothiazyl-2-tert. Butyl-sulphenamide). After mixing the compounds in a laboratory mixer 
500 C, the vulcanisation was performed at 1600 C in a Monsanto MDR-2000-E vulcameter. 
e degree of cross-linking was measured by the low frequency shear modulus (G) at the 
perature of 1600 C in the vulcameter directly after the vulcanisation. The measurements 
re performed with oscillation amplitude of ± 0.50 and a frequency of 1.67 Hz. The values 
G and Young modulus E are shown in Table 1 for the cross-linked NR series. 
le A1.1 Properties of th
of 
 
Tab e series of cross-linked NR samples 
S (phr) G (dNm) E (MPa) ample 
Sulphur-accelerator content Shear modulus  Young modulus 
NR1 1-1 5.2 0.9 
NR2 2-2 8.5 1.5 
NR3 3-3 11.2 2.0 
NR5 5-5 14.5 2.2 
NR6 6-6 15.4 2.4 
NR7 7-7 16.2 2.8 
e uncertainties are less than 10%. 
mples of sheep Achilles tendon were obtained from the butcher. The samples were kept at 
80C after excision until the time of measurements, which were performed at room 
perature 200 ± 10C. A plug was cut from the middle of the tendon and was wrapped with 
flon tape in order to avoid dehydration. A new tendon plug was used after about 12 h of 
asurements to preclude tissue degradation.
NR4 4-4 13.2 2.1 
a Th
 
Sa
–1
tem
Te
me  The dominant orientation of plug was parallel 
we
to 
an
he
to the collagen fibers and along the macroscopic axis of the tendon. Because the tendon plugs 
re not immersed in any liquid to match susceptibility, the reoriented samples were subject 
slight susceptibility inhomogeneities. NMR measurements for each set of the orientation 
gles were made on at least three different tendon plugs to account for biological 
terogeneity. 
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A
 
ppendix 2 The magic sandwich propagator 
The magic sandwich propagator can be described, according with the figure 2.1.1,by: 
1
y23y
~~~~~ −
ere, from equation 2.1.1 in the Liouville’s notation, B
        (A2.1) 
wh
~ˆ
 is: 
( ) ( ) yRxB1RxB1y P~ˆn2~ˆI~ˆiexpn2~ˆI~ˆiexpP~ˆB~ˆ  ∆−τ +ω− ∆−τ +ω−−= HH , (A2.2) 
d  an
[ ]( ){ } [ ]( ){ }RxB1RxB1y ˆˆˆˆˆˆˆ
ich is the propagator in the rotating frame. In order to go in the tilted rotatin
( ) ( ) ( ) ( )BˆnBˆnBˆnPˆEˆEˆPˆn5 ∆+τρ=∆+τρ=∆+τρ=∆−τρ  
  
yPn2Iiexpn2IiexpPB ∆−τ+ω−∆−τ+ω−−= HH , (A2.3) 
wh g frame some 
pu
quantum mechanical algebra must be used. Firs step is to multiply each evolution under x 
lse Eˆ and Eˆ  with 1ˆ . The unity operator can be writing as: 
yy PP1 ⋅= ,      (A2.4) 
ere y2y IiexpP −= and y2y IiexpP = . Then the equation A2.3 can be written: 
[ ]( ){ } [ ]( ){ }
[ ]( ){ } [ ] ( )2yRxB1RxB1y PˆPˆn2ˆIˆiexpPˆPˆn2ˆIˆiexpPˆ
Pˆ1ˆn2ˆIˆiexp1ˆn2ˆIˆiexpPˆBˆ
∆−τ+ω−∆−τ+ω−−=
⋅⋅∆−τ+ω−⋅⋅∆−τ+ω−−=
HH
HH
In the following we will use a well know theorem from the quantum mechanic for two 
itrary Aˆ  and Bˆ  opera
2 3
ˆˆˆ
{ }ˆˆ π { }ˆˆ πwh
yyRxB1yyRxB1y ( ){ } . (A2.5) 
arb tors: 
the
1AˆBˆAˆi1Bˆi eAˆeAˆ
−⋅⋅−−− =⋅⋅ ,    (A2.6) 
n the equation A2.5 is: 
[ ] [ ]( ){ }( )2Pˆn2PˆˆPˆPˆIˆPˆiexpn2PˆˆPˆPˆIˆPˆiexpˆ ∆−τ+ω−∆−τ+ω−−= HH , (A2.7) 
ere PˆˆPˆ H  is the spin system Hamiltonian in the tilted rotating frame. Now the problem is 
yyRyyxyB1yRyyxyB1B ( ){ }
wh yRy
ˆˆˆ
yPˆ
to evaluate the yxy PIP  rotation and the spin system Hamiltonian in the tilted rotating frame, 
yRPˆHˆ . In order to compute the action of yPˆ  propagator on the xIˆ  nuclear spin operator we 
will use the well-known relation ship [Bow1]: 
[ ] [ ][ ] [ ][ ][ ]ˆˆˆˆ
!3
1ˆˆˆ
!2
1ˆˆˆˆ AˆAˆ−
ere Aˆ  and Bˆ  are two arbitrary operators and Bˆ,Aˆ  is the quantum mechanics commutator 
operator Aˆ  with Bˆ , which in generally is different than zero. Applying the abovof quation 
ield: 
e e
...B,A,A,AB,A,AB,ABeBe +−+−=⋅⋅ ,  (A2.8) 
wh [ ]
y
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( ) ( ) z2zyIˆ2iyIˆ2i1y IˆsinIˆcosIˆeIePˆIˆPˆPˆIˆPˆ −=−=== ππππ−− 2xxyxyyx
Using this re tionship the equation A2.7 can be rew
.     (A2.9) 
la ritten: 
[ ]( ){ } [ ]( ){ }( )2Pˆn2PˆˆPˆIˆiexpn2PˆˆPˆIˆiexpBˆ ∆−τ+ω−−∆−τ+ω−= HH . (A2.10) yyRyzB1yRyzB1
In the classical mechanics those two exponential can be combined without any 
difficulty. In the quantum mechanics this is possible only if the operators are commuting one 
with the others. Then is the moment to take a closer look to the spin system Hamiltonian. This 
can be written using the equation 2.1.2: 
( )
inh
0
dR
ˆˆˆ HHH += ,     (A2.11) 
where the ( )0Hˆ  is the truncated dipolar Hamiltonian, which is commuting with Iˆ  and Hˆ . 
The inhomogeneous spin interactions is give by: 
( ) ( )
r
zinh
ˆˆ
r
rr
The problem of computing yRy PˆˆPˆ H  became the problem of computing P
d z inh
∑δω−= rIrH .     (A2.12) 
( )
y
0
dy Pˆˆˆ H
PˆˆP H
 and 
ˆ
yinhy . For this we can follow the procedure, which was applied by M. Goldman in 
reference [Gol1]. Lets define a rotation around y-axis by a theta angle: 
( ) {y iexpRˆ θ−=θ }yIˆ , 
) ) (ˆ 0 ˆˆ dHH , (A2.14) 
whe  and  are related with  and  spin operators. In our case for the flip angle θ = re Pˆ
    (A2.13) 
then for the truncated dipolar Hamiltonian ( )0dHˆ we get: 
( ( ) ( ) ( ) QsincosPˆsin1cos3
2
1RˆRˆ 221-y
0
dy θθ−θ+−θ=θθ
Qˆ xIˆ yIˆ
900 the equation A2.14 becomes: 
( ) ( ) ( ) ( ) Pˆˆ
2
1RˆˆRˆ 01-0 +−=θθ HH .    (A2.15) 
It is easy to shown that also yinhy PˆˆPˆ H  contain the xIˆ  spin operators: 
( ) ( ) ( ) ( )∑∑ δω−=δω=
rr
rIˆrPˆrIˆPˆrPˆˆPˆ
rr
rrrr
H .   (A2.16) 
In the tilted rotating frame the fast modulation induced by the Zeeman term, zB1 Iˆω , on 
the Pˆ  and inhHˆ  leads to a zero averaging of these terms. Finally, we have the following 
expression for the magic sandwich propagator: 
( ) ( ){ }( )2ˆˆˆ 0
dydy
xyzyyinhy
yPn2iexpB ∆−τ= dH .     (A2.17) 
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Appendix 3 The mixed magic-Hahn echo decay 
system is 
given by 
 
In the rotating frame representation the total spin Hamiltonian describing the free evolution of the 
( ) ( ) ( )
( )tˆˆIˆ
ˆtˆˆIˆtˆIˆtˆ
dd
k
kzk
dddk
HH
HHHHH
∆++δ−=
−++δ−=+δ−=
∑
∑∑
k
kzd
k
kzkR
,  (A3.1) 
 is the chemical shift of the magnetically equivalent nuclei k with the total z spin operato . 
The dipolar Hamiltonian fluctuating around the residual part is described by: 
kδ r kzIˆwhere 
ji>
( ) ( ) ( ) ij20ijdddd Tˆtˆtˆtˆ ∑ ω∆=−=∆ HHH ,   (A3.2) 
dwhere  is the fluctuating dipolar coupling for a spin pair ij. The multispin dipolar interaction between 
the protons along the chain, preaveraged by the fast segmental motions, which can be written in the secular 
approximation [Coh1, Sot1]: 
( )tijω∆
(∑
>
−=
ji
dHˆ ) ( )β ij0,2ij2ij TˆcosPD6 .    (A3.3) 
The dipolar-coupling constant ( ) ( )3ij240ij r1D hγ= πµ
r rr
e secular dipolar coupli bed by
nomi  2P
ijˆ
of the ij spin-pairs depends on the
distance βij
 internuclear 
ij  and the angle  is the angle between the internuclear vector ij  and the direction of the main 
magnetic fiel  0B
r
. The spin part of d th ng is descri  the pre-averaged second-order 
Legendre poly al,  and by the irreducible tensor operator describing, 0,2T  [SRo1]. In a short notation we 
can write: 
∑
>
ω=
ji
ij
0,2
ij
dd TˆHˆ ,       
where 
     (A3.4) 
ij
dω  is the residual dipolar coupling for a (ij) spin pair.  
2d cosPD6 β−=ω . ( ) ( )ijijij
The fluctuating part of the dipolar Hamilton  as was described in equ tion (A3.2) is rewritten as 
( ) ( ) (ijijij Tˆttˆ ω∆=ω∆=∆ ∑∑H
          (A3.5) 
ian a
) ( ) ij20ijd
ji
ij
d
ji
ij
20ij
d
ij
d
d
ji
20dd TˆtTˆt ωδω=ω
ω ∑
>>>
,   (A3.6) 
where ijd
ij
d
ij
d / ωω∆≡δω  is the normalized fluctuating residual dipolar coupling. If we assumed that these 
n d ct the ofluctuatio s are in ependent of specific spin pairs and refle verall segmental motions, then 
( ) ( )∑ ωδω=∆ ijijTˆttHˆ .    (A3.7) 
> ji
20ddd
 The mixed echo amplitude decay can be obtained in terms of the autocorrelation function of the dipolar 
functions. Using the general definition of averaging for an arbitrary function f(x) on a [a, b] interval i.e.: 
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( ) ( )∫−=
b
a
dxxf
ab
1xf ,     (
the spin  an average Hamiltonian 
[Meh1]. Then, at the maximum of the mixed echo, the (A3.1) Hamiltonian at time 
A3.8) 
 system response is evaluated in the zero-order approximation by means of
τ= 6t  is given by: 
ττ
ττ
6
66
6( ) ( ) ( )∫ ∑∫  ∆++δ−==τ
0
dd
k
kzk
0
Rd dtt
ˆˆIˆ1dttˆ16ˆ HHHH .  (A3.9) 
active during the first free evolution period of duration τ; 2) active during the first burst pulse of duration 2τ; 3) 
active during the second burst pulse of duratio
This can be decomposed in four parts according to the figure 2.2.1, describing the spin Hamiltonian 1) 
n 2τ; and 4) active during the second free evolution period of 
duration τ, i.e: 
( ) ( ) 




 ∆++δ−+ ∆++δ−

∫ ∑∫ ∑
τ
τ
τ
6
3
dd
k
kzk
kk
dttˆˆIˆdttIˆ
t
1ˆ
HHHH
( )
( ) ( )



 ∆++δ−+ ∆++δ−
τ=τ
∫ ∑∫ ∑
τ
ττ
5
3
ddkzk
0
ddkzk
d
ˆˆ
dtˆˆIˆdttˆˆIˆ
6
6
HHHH
H
τ5 ddk kzk
 (A3.10) 
The can rewrite the above equation as: 
( ) ( )
( )
( ) 

 
 ∆+τ+τδ+


 ∆
  ∆+τ+τδ−=τ
∫∑
∫
∫∑
τ
τ
τ
τ
τ
dttˆˆIˆ
dttˆ
2222
dttˆˆIˆ6
6
d
5
3
d
3
HH
H
HHH
( )  −τ−+ ∆−τ−+






τ
∫
τ
12ˆ1dttˆ12ˆ1
6
1ˆ
ddd
0
dd
k
kzkd
HHH

 τ dk kzk
, (A3.11) 
where was taking into account that i) the equation (A2.15) for the Hamiltonian during the burs pulses ii) the fact 
that this Hamiltonians active during the burst pulses (second line of equation (A3.11)) do no
 s v u δ
Hamiltonian was changed by the last pulse. Finally, the average Hamiltonian depends only on the fluctuating 
more details see Appendix 2): 
t depend on the 
chemical hift pro ided that the strength of these p lses is larger than k and iii) the sign of the inhomogeneous 
dipolar Hamiltonian and is given by (for 
( ) ( ) 
 −∆τ=τ ∫
τ
τ
τ 56
0
dd 2
3dttˆ
6
16ˆ HH ( ) ∆∫ d dttHˆ .   (A3.12) 
The density operator ( )τρ 6  at the time 6τ ixed echo can be evaluated using th of the m e canonical quantum-
mechanical transform alid within the limit ofation v  ( ) 16tˆ d <<τ∆H , ere ( )tˆ dH∆  is the norm of the  wh
fluctuating dipolar Hamiltonian: 
( ) ( ) ( )066ˆexp6 d ρ
 ττ−≅τρ H ,    (A3.13) 
~


where the Liouville’s operator is defined as in chapter 2.1 and Appendix 1. Initially, for the spin system in 
thermodynamically equilibrium we get . Expanding the exponential function series we got: ( ) ∑∝ρ
k
kyIˆ0
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( ~ˆ1~ˆ6 2
2  ) ( ) ( ) ( ) ( )0...66
2
66i1ˆ dd ρ
     (A3.14) 
 The normalized mixed echo signal at


 +τ


τ−ττ−≅τρ HH .  
 τ= 6t , can be written as 
( )
( ) { }
β
τρ⋅=τ
,R
2
y
y
IˆTr
6ITr
0S
6S
r
( ){ }ˆ
.    (A3.15) 
where the symbol ( ) β,R... r  
e average over t
,R βr
m equations 
(A3.14) and (A3.15) for the normalized mixed echo amplitude ( ) ( )S6SME 6S τ≡τ
iltonian in the time regim
, one finally obtain the mixed 
echo decay due to the fluctuation of the secular dipolar Ham e ( ) 1d6 −ω<τ , where dω  
denotes the averages over the statistical ensemble of the fluctu the 
interactions, th he length distribution of the end-to-end vectors and, for a polymer network, and 
ations of dipolar 
the average over the orientation angles β of the end-to-end vectors. Because  ( ) 0tˆ =H  fro
( )0
is the strength of the residual dipolar coupling: 
( )
( )
{ } ...6IˆTr
Iˆ6
~ˆ
Tr
2
116S
2
y
2
yd
ME −τ









 ⋅τ
+≅τ
H
( )2,R βr ,  (A3.16) 
Combining the equation (A3.12) and (A3.16): 
( )
( ) ( )
{ } ( ) ...6ˆ
IˆdttdttTr
2
16S
2
2
ydd
ME −τ


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∫∫ HH
ITr
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1 2
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,R
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





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
τ
β
τ
τ
τ
r
and equations (A3.7) wi
, (A3.17) 
th (A3.17) we get: 
(
( ) )
} ...ITr
IˆdtTˆ
2
3dtTˆtTr
2
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y
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y
5
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0 ji
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τ >
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> 

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








 ωδω−ωδω ∫ ∑∫ ∑
r
(t ij ⋅
) {ˆ1S 2ME +≅τ .    (A3.18) 
Finally, giving the common factor the part of the Hamiltonian which i im independent we can writes t e : 
( )
( ) ( )
{ } ...ˆ
IˆTˆdtt
2
3dttTr
2
116S
2
,R
y
ji
ij
0,2
ij
d
5
d
6
0
d
ME −









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+≅τ β
>
τ
τ
τ ∑∫∫
2
r
. (A3.19) 
ITr y
Time domain part after the integration is a constant , which can come outside of the trace: 
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, (A3.21) 
where the cross-correlation terms have been neglected, that means that the dipolar fluctuations of three or more 
spins are less correlated than those of the spin pairs, and the residual second van Vleck moment is given by 
{ } [ ] β−= ,R2yd2y2 IˆˆTrIˆTr1M rH .    (A3.22) 
The average is taken over the distribution of the lengths of the end-to-end vectors and their orientation 
e dipolar autocorrelation functions are supposed to be described by a 
stationary random process, i.e. 
 
relative to the static magnetic field. Th
( ) ( ) ( )ttctt dd ′−′′≡′′δω′δω .            (A3.23) 
In the simple approximation of an exponential correlation function, one can write 
( )
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

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t
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where . The integrals in equation (A3.23) can be easily evaluated: ttt ≡′−′′
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 (A3.25) 
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The mixed echo decay valid within the limit of the exponential correlation function and for .1M c2 <<τ is: 2/1
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
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Appendix 4 Affine transformation of the end-to-end 
vector 
 
Let’s consider the end-to-end vector R
r
 in the (x, y, z) 
coordinate frame. This vector can be seen as the 
diagonal of a parallelepiped with i, j and k side. If a 
force F
r
is applied along the z-axis then the dimensions 
of the parallelepiped are modified in such a way that the 
volume is constant. This transformations is called affine 
transformations: 
kjikjiV
trafine λ⋅λ⋅λ=⋅⋅= .  (A4.1) 
Going into a reference in which the new x-axes is along 
the projection of the R
r
 in the x,y pane, then the 
transformation are looking like: 
λ=′
λ=′
rr
kk
   (A4.2) 
In order to compute a NMR observable like 
second van Vleek moment, M2, we are interested to find 
a relation between the old end-to-end vector R
r
 and the cosine of the angle between this end-
to-end vector and the direction of force, cos(β) and the new 'Rr  and cos(β’), as a function of 
strain ratio λ. For this we will consider the expression of the tangent of the angle β and β’: 
( )
( )
'k
'r'tan
k
rtan
=β
=β
.     (A4.3) 
We can express the tan in function of sin and cos of the angle 
( ) ( )( )
( )
( ) ( ) ( ) 1cos
111
k
r
k
r
'k
'r1
'cos
1
'cos
'cos1
'cos
'sin'tan
22
2
2
3
2
3 −βλ=λ=λ
λ==−β=β
β−=β
β=β ,      (A4.4) 
then: 
( ) ( ) 1cos
111
'cos
1
22
2
3 −βλ=−β ,    (A4.5) 
and taking the square of (A4.5) we obtain: 
( ) ( ) 


 −βλ=−β 1cos
111
'cos
1
232
.    (A4.6) 
Then: 
( ) ( )
( )
( )βλ


 β


λ−λ+λ=+


 −βλ=β 22
22
232 cos
cos11
11
cos
11
'cos
1 ,  (A4.7) 
and by taking the inverse of the square root: 
( ) ( )
( )β


λ−λ+λ
βλ=β
22 cos11
cos'cos .    (A4.8) 
Figure A4.1 Affine transformation of the
end-to-end vector R
r
 into R′r  under a
force F
r
 oriented along z-direction 
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( ) Rkcos r=β and ( ) 'R'k'cos r=β  Replacing the 
( )β


λ−λ+λ
λ=
22 cos11
Rk
'R
'k
r
r ,    (A4.9) 
for whi to accch taking in ount equation (A4.2) we gate: 
( )β


λ−λ+λ=
22 cos11R'R
rr
.    (A4.10) 
The equations (A4.8) and (A4.10) leads to: 
( ) ( )
( )
  λλ
β −λ+
βλ=β
22
22
2
cos11
cos'cos
rr ( ) β −λ+=
 λλ
2222 cos11R'R
    (A4.11) 

which is in accord with [War1] 
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Appendix 5 The statistical distribution functions of end-
to-end vector and the azimuthal angle β of 
polymer networks under external axial 
deformation 
 
For an ideal polymer chain the statis
[Gro1]: 
tical distribution of the end-to-end distance is Gaussian 



−π 2
2
x
2 Na
R
2
3exp
Na2
32 ,    (A5.1) ( ) =xG Rf
Grosberg and Khokhlov postulate in reference [Gro1] that the statistical distribution of 
the end-to-end vector for a chain with excluded volume differs qu o
statistical distribution of the end-to-e
distribution function must be zero, b
volume effect. In the limit of smallest
alitatively fr m the r
nd distance of an ideal chain. For 0R =  the value of 
ecause the chain ends cannot coincide due to excluded 
 value of end-to-end vector i.e. 22R
rr
R<<  must be also 
small, because the close approach of the chain ends is hindered by the repulsion of “clouds” 
he terminal links of the chai
o ai  it is very easy to derive such distribution function. Let’s 
 that the stat
directions: 
of links that are close neighbors to t
the internal links f the ch n. Indeed
make the natural assumption
n, and which are surrounded 
istical distribution function is the same in all 
( ) ( ) ( )zGyxG RfRfRf == .    (A5.2) 
 The normalization condition is give by: ( ) ( ) ( ) 1dxdydzRfRfRAf =∫ ∫ ∫    (A5
G
x y z
zGyGxG .3) 
where A is the new normalization condition. Or fo
Cartesian coordinate the spherical coordinate: 
r the simplicity we can use instead of 
( )2  ϕθθ== ddrdsinrdxdydzdV
then the constant A is computed from: 
( )
∫ ∫ ∫
ϕθθ
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3exp3
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Na
RRR
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3exp
Na2
32A1
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v
v .  (A5.4) 
∫ ∫ ∫
θ ϕ  π= r 2R22A v
The new distribution of the end-to-end vector became then: 
( )



−


ππ= 2
2
3
22
3
R
R
2
3exp
R
R
2
34R,Rf
rrr
.   (A5.5) 
where 22 NaRR ==  is the average value of the end-to-end vector. 
he Maxwell-Boltzmann distribution function, is 
similar but not identical with those give by Grosberg and Kho
description two different function, which are changing the sing in exponential and the 
coefficients, the Maxwell-Boltzmann distribution function fulfill in natural way the condition 
This distribution function, which is t
khlov. But instead to use in the 
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imposed by th ecau me authors. B se the poly er chain are isotropic oriented in space we can 
considering for the azimuthally angle β the sine function: ( ) ( )β=β sinf   
for which are obvious the normalization conditions:  
      (A5.6) 
( )
( ) 1df2 =ββ∫
π
∞ rr
 
1RdR,Rf
0
=∫
0
 The next step is to write this distribu
        (A5.7) 
tion functions (A5.10) and (A5.11) for the case of 
strained polymer: ( ) ( )
','R,R
...... ββ ⇒ rr . 
The relation-ship between the unstrained value of cosβ and Rr  and the strained value of cosβ' 
and 'R
r
, in the case of force F
r
 parallel with the static m gnetic field, was computed in 
Appendix 4 (see equation A4.11) to be: 
a
( ) ( )
( )
( )

 β


λ−λ+λ=
β


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2222
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cos11
cos'cos
rr
( ) ( )( ) ( )
( )
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
 λ−λ+λ=
βλ−+λ
β=β
'cos1'RR
'cos1
'coscos
2
2
22
233
2
2
rr
λ22
,     (A5.8) 
 
In the (A5.7) we shall make the following changes of variables, obvious from (A5.8): 
( ) ( )
( ) ( )'cos11'RdRd
'cos11'RR
233
233
βλ−+λλ=
βλ−+λλ=
rr
rr
    (A5.9) 
for end-to end vector and: 
( ) ( )( ) ( )
( )( ) ( )
( )( ) ( ) ( ) ( ) ( )[ ] ( ) ( ) ( )( )
( )( ) ( ) ( ) ( )( ) ( )


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βλ−−βλ−+λ
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'd'sin
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'cos1
'd'sin
dsincosd
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'coscos
233
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233
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3
233
233
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from where: 
( ) ( )( ) ( )[ ] 2/3233
3
'cos1
'd'sindsin βλ−+λ
ββλ=ββ     (A5.10) 
The function, which are describing the statistical distribution of new end-to-end vector, 'R
r
 
and azimuthally angle β’ can be written as: 
( ) ( ) ( )[ ] ( ) ( )[ ]
( ) ( )( ) ( )[ ] 2/3233
3
2
233
2
2
3
2/3233
3
22
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q
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2
34',,R,'Rf
βλ−+λ
βλ=βλ

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
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βλ−+λ−λ
βλ−+λ


ππ=βλ
β
rrr
 (A5.11) 
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Appendix 6 The residual dipolar Hamiltonian of a 
polymer network under external axial 
deformation oriented parallel to the magnetic 
field 
 
Our goal is to compute the secular dipolar Hamiltonian, which describe the polymers chain 
subjected to a strain with elongation lambda, λ and the new angle β’: 
( )2 Tˆ'cosP'R1DS3ˆ β−= rH 0,222sd Na2
The relation-ship between the unstrained value of cosβ and 
   (A6.1) 
R
r
 and the strained value of cosβ’ 
and 'R
r
, in the case of force F
r
 parallel with the static magnetic field, was computed in 
Appendix 4 (see equation A4.11). The second Legendre polynomial d
( ) [ ]1'cos3
2
1'cosP 22 −β=β           (A6.2) 
will be replaced: 
efined as: 
( ( )
( )
( )


 −λ+λ
βλ








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βλ
2
22
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2 11
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2
1
cos
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( )β λ−λ−λ− 22 cos
11
) = −=β 11132'os ( )βλ 2cos
.    (A6.3) 
a function of the old cos(β): 
By adding and subtracting λ2, we can write the second Legendre polynomial of the cos(β’) as 
( )
( ) ( )
( )
( )[ ] ( )[ ]
 λλ



λ−λβ−+−βλ=
β


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cos11cos3
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( )β −λ+ 22 cos11
,  (A6.4) 
or: 
( )
( )β


λ−λ+λ
 λ=β
22
2
cos11
2'cosP     (A6.5) 
Replacing second equation from (A6.2) and (A6.6) in (A6.1) we get: 
( ) ( )  −λβ+βλ 2222 1sin1cosP
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( ) 0,2TsinR  λ−λβ( )
2222
2
2
2sd
ˆ1
2
1cosPR
Na
1DS
2
3ˆ 
 +λβ−= rrH .      (A6.6) 
Using the notation 22 NaRR == r  the equation (A6.7) can be written as: 
( ) ( ) 0,222222
2
sd Tˆ
1sin
2
1cosP
R
RDS
2
3ˆ 


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r
H  .  (A6.7) 
 The second van Vleck moment can be defined as: 
[ ]2yd Iˆ,ˆTr  H
[ ]{ }2y ,R2 IˆTrM = β
r
.         (A6.8) 
 Replacing the equation (A6.7) in (A6.8) we get: 
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Assuming the possibility to separate the angular part from the part, which is dependent on the 
end-to-end vector: 
[ ]{ }[ ]{ }
( ) ( ) ( )( )
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  (A6.10) 
 Using the fact that the average of a sum of terms can be rewrite as a sum of averaged 
terms from (A6.11) we gate: 
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were: 
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3=M    (A6.12) 
Second van Vleck moment expressed in the power of λ will be: 
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The last thing to do is to evaluate the following averaged: 
( ) ( ) ( )
) ( ) ( ) ( ) ( ) 2dsincosPsinsin
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( ) ( ) ( ) 8dsinsinsin
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=βββ=β ∫
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then the equation (A6.12) can be written as: 
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M λ+λ− 24 22   (A6.15) 
relation, which is in agreement with those obtained before by Warner Callaghan and Samulski 
[War1]. 
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Appendix 7 The dependence of the second van Vleck 
moment of a polymer network under external 
deformation parallel to the stati gn
tio λ 
 
It was shown by Brereton that an attractive term must be included in our Hamiltonian in order 
to describe better the real interaction inside of a polymer network. Then the (A6.1) 
amilt
c ma etic 
field on the extension ra
H onian  
( ) 0,2222sd Tˆ'cosP'RNa
1DS
2
3ˆ β−= rH ,   (A7.1) 
became : 
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d
11R3ˆ   
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H .  (A7.2) 
 Using the (A6.9) definition for the second van Vleck moment and (A6.12) we gate: 
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We will make the hypothesis that the k factor is independent of end-to-end vector and the 
angle β: 
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  (A7.5) 
using (A6.14) and: 
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we gate the following dependence of second van Vleck moment on λ: 
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Using the equation (A5.5) and (A5.7) we can compute: 
1Rd
R
R
R
R
2
3exp
R
R
2
34
R
R
3
5Rd
R
R
R
R
2
3exp
R
R
2
34
R
R
0
2
2
2
2
3
22
R
2
2
0
4
4
2
2
3
22
3
4
4
=



−


ππ=
=



−


ππ=
∫
∫
∞
∞
r
rrrrr
r
r
3
R
rrrr   (A7.8) 
where the following equation were used: 
{ }
{ }
{ }
{ } 2/72/7
0
26
3
3
2/52/5
0
24
2
2
2/32/3
0
22
0
2
a
16
15a
2
5
2
3
2
1
2
dxaxexpx
a
I
a
8
3a
2
3
2
1
2
dxaxexpx
a
I
a
4
a
2
1
2
dxaxexpx
a
I
a2
1dxaxexpI
−−∞
−−∞
−−∞
∞
π=π=−=∂
∂−
π=π=−=∂
∂
π=π=−=∂
∂−
π=−=
∫
∫
∫
∫
   (A7.9) 
the following dependence of second van Vleck moment on λ: 
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Appendix 8 The relationship between the azimuthal angle 
 
A point in PAS can
bouth coordinate the radius is the same. In is obvious from the figure that we can write the 
following relation fo
in the principal axe system and the 
laboratory frame  
 be described by the coordinate P(x, y, z) and in LF by P(x’, y’, z’). In 
r the azimutzhaly angle β: 
R
z
'z'cos
R
cos
=β
=β
     (A8.1) 
and from here: 
β=β⇒β=β= cosz
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'z
cos
zR     (A8.2) 
Between Cartesian coordinate and spherical coordinate exist the well know relation: 
γβ=
γβ=
sinsinRy
cossinRx
β= cosRz
     (A8.3) 
It is usefull to define a rotation around x, y, and z axis as: 
  (A8.4) 
In the case in which the y axix are comone for the principal axis 
system and laboratory frame then the relation between these t
sisteme is due by a rotation around y axis with the angel θ: 
   (A8.5) 
from were the z’ can be easely computed. From here the ratio: 
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And from here the relation beween the azimutaly angle β’ in the laboratry frame and β in the 
princila axis system: 
γβθ−βθ=β cossinsincoscos'cos           (A8.7)
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Appendix 9 The residual dipolar Ha
polymer network for an arbitrarily oriented 
The secular dipolar Hamiltonian, which describe the a polymer chain whit th
between the static magnetic field and the end-to end-vector, 
miltonian of a 
external deformation  
e angle β0 
R
r
 (see figure A9.1) is: 
( ) 0,2022sd TˆkcosPRDS2ˆ 

+β−=H
2'R3  r    (A9.1) 
and the definition of the second Legendre polynomial: 
( ) [ ]1cos3
2
1cosP 0
2
02 −β=β           (A9.2) 
the secular dipolar Hamiltonian became: 
[ ] 0,20222sd Tˆk1cos321R'RDS23ˆ 

 +−β−=
r
H    (A9.3) 
 
When the polymer chain network is subjected to a strain w
lambda, λ the angle θ between the 
direction of the force and the static 
magnetic field (which is a 
macroscopically quantity under our 
control) and angle β’ between the 
direction of force and the end-to end-
vector, 
ith a elongation ration 
R
r
. Using the relation between 
these angle developed in Appendix 8 
resulting equation A8.7: 
 
γβθ−βθ=β cos'sinsin'coscoscos 0  
(A9.4) 
 
The equation (A9.4) became: 
Figure A9.1 A pictorial representation of a single chain from
polymer network subjected to uniaxial strain  
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 The angle β’, can be rewritten as a function of β and elongation ratio λ using the 
equation described in Appendix : 
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 (A9.6):  
)
The angular dependent part from equation (A9.5) can be rewritten using the equations
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or: 
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With equation (A9.9) the secular Hamiltonian became: 
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rately the second van Vleek moment 
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and the second van Vleek moment, defined in (A6.8): 
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where for simplicity the arguments of A, B and C function were shipped. 
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Now the problem is reduced to the computation of angular averages. For that we are 
using the following definition of a average of a function over the angles β and γ: 
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we are receiving: 
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